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ABSTRACT 

i 
i 

1 
1 
i 

II 

I 

Ionizing radiation effects, primarily in Si02 passivated bipolar 
transistors, were investigated, 
of irradiated transistors, particularly hFE and ICBO, were studied first 
in order to determine the physical mechanisms in the surface that produce 
them. Then various types of devices were studied to determine the char- 
acteristics that produced their various degrees of radiation tolerance. 
The types of devices studied were: n-p-n and p-n-p bipolar transistors, 
transistors with commercial and experimental passivation processes, 
p-channel MOSFET, and a p-channel junction FET. A nondamaging screening 
cycle was developed, which permits transistors to be exposed to ionizing 
radiation for evaluation of their radiation tolerance and then returned 
to their preirradiation conditions. 

Changes in the electrical parameters 

a 

hFE and ICBO degradations in Si02 passivated transistors were 
demonstrated to be sensitive to bias and to the presence of an ambient 
gas during irradiation, 
minent at low injection levels, and a third mechanism is effective at 
high injection. 
Si02 passivated planar transistors, with the n-p-n devices generally 
more radiation-tolerant. None of the three commercial passivation pro- 
cesses investigated--Fairchild's Planar 11, Motorola's Band Guard, and 
Texas Instruments' Tri Rel-inhibited deleterious effects on hFE and ICBO 
due to ionizing radiation, A significant discovery was that experimental 
passivation, in which metallization was laid over the emitter-base junc- 
tion, significantly reduced hFE degradation and eliminated one of the low 
level damage mechanisms. 

Two mechanisms of surface degradation are pro- 

Buildup of hFE degradation differs in n-p-n and p-n-p 
I 
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SECTION 1 

INTRODUCTION AND SLJMMARY 

1.1 BACKGROUND 

The degrada' t ion of d e s i r a b l e  e l e c t r i c a l  p r o p e r t i e s  of s i l i c o n  t r a n s i s -  
t o r s  subjec ted  t o  s teady  s t a t e  r a d i a t i o n  environments r e s u l t s  from physi-  
ca l  changes of t h e  semiconductor m a t e r i a l  e i t h e r  i n  t h e  bulk o r  a t  t h e  
s u r f a c e  of t h e  semiconductor (between t h e  semiconductor and t h e  pass iva-  
t i o n  l a y e r  o r  i n  t h e  p a s s i v a t i o n  layer  of p lanar  devices)  o r  i n  both t h e  
bulk  and a t  t h e  s u r f a c e ,  Th i s  r epor t  p r e s e n t s  t h e  r e s u l t s  of a n  i n v e s t i -  
g a t i o n  of t h e  radiat ion-induced s u r f a c e  e f f e c t s  i n  semiconductors.  

There are two obvious reasons  f o r  s tudying ion iz ing  r a d i a t i o n  
e f f e c t s  on t r a n s i s t o r  su r faces .  The f i r s t  i s  t o  i d e n t i f y  t h e  mechanisms 
producing t h e  e f f e c t s  and t o  understand t h e i r  dependence on materials,  
geometry, p rocesses ,  and e l e c t r i c a l  ope ra t ing  cond i t ions ,  s o  t h a t  tech- 
n iques  can be developed t o  reduce o r  e l i m i n a t e  t h e  d e l e t e r i o u s  e f f e c t s .  
The second i s  t o  i d e n t i f y  and s e p a r a t e  t h e  t r a n s i s t o r  degrada t ion  t h a t  
is dependent on s u r f a c e  p r o p e r t i e s  from t h a t  which i s  dependent on bulk  
displacement  phenomena. 
w e l l  understood and can be  a c c u r a t e l y  descr ibed  a n a l y t i c a l l y  .l*l 
f a c e  e f f e c t s  due t o  ion iz ing  r a d i a t i o n  are  no t  w e l l  understood,  and 
u s e f u l  a n a l y t i c a l  r e l a t i o n s h i p s  .have n o t  been developed. 
t r a n s i s t o r  degrada t ion  due t o  radiat ion-induced s u r f a c e  e f f e c t s  o f t e n  
predominates  ove rbu lk  displacement e f f e c t s  f o r  such environments as Van 
Al l en  b e l t s  i n  space and r a d i a t i o n  from nuc lea r  r e a c t o r s ,  nuc lear  pro- 
p e l l e d  v e h i c l e s ,  and nuc lea r  space power systems. 

Bulk displacement e f f e c t s  i n  t r a n s i s t o r s  are 
Sur- 

I n  a d d i t i o n ,  

1 . 2  OBJECTIVES 

This  program had t h r e e  major o b j e c t i v e s .  The f i r s t  was t o  s tudy  
i o n i z i n g  r a d i a t i o n  e f f e c t s  i n  s i l i c o n ,  p l a n a r ,  Si02 pass iva t ed ,  b i p o l a r  
t r a n s i s t o r s  t o  achieve  a n  understanding of t h e  n a t u r a l ,  phys i ca l  pro- 
cesses (mechanisms) t h a t  occur  near  t h e  su r face .  This  s tudy  was t o  be  
accomplished by a t tempt ing  t o  i s o l a t e  t h e  dominant degrada t ion  mecha- 
nisms and t o  determine t h e  e f f e c t s  of e lec t r ica l  b i a s ,  temperature ,  and ' 

ambient media on them. 

manufactur ing processes  t o  assess t h e  r e l a t i v e  m e r i t s - o f  each wi th  re- 
s p e c t  t o  i t s  t o l e r a n c e  t o  ion iz ing  r a d i a t i o n .  

r e s u l t  i n  s a t i s f a c t o r y  s o l u t i o n s  t o  s u r f a c e  degrada t ion ,  t h e  t h i r d  objec- 
t ive w a s  t o  develop a nondamaging sc reen ing  tes t  t o  permit-determination-- 
of t h e  r e l a t i v e  ion iz ing  r a d i a t i o n  t o l e r a n c e  of t r a n s i s t o r s .  

- 

The second o b j e c t i v e  w a s  t o  e v a l u a t e  va r ious  t r a n s i s t o r  types and 

I n  t h e  event  t h a t  achievement of t h e  f i r s t  two o b j e c t i v e s  d i d  no t  



1 .3  APPROACH 

The program e s t a b l i s h e d  t o  accomplish t h e  d e s i r e d  o b j e c t i v e s  w a s  
b a s i c a l l y  experimental ,  and w a s  divided i n t o  two separate phases.  
w a s  devoted t o  t h e  s tudy of t h e  e f f e c t s  of i o n i z i n g  r a d i a t i o n  i n  a s i n g l e  
t r a n s i s t o r  type ( t h e  F a i r c h i l d  2N1613), which e l imina ted  v a r i a b l e s  t h a t  
would b e  introduced by d i f f e r e n t  manufacturing processes .  Af t e r  t h e  dam- 
age  mechanisms of t h i s  device  were understood, t h e  i n v e s t i g a t i o n  w a s  
extended t o  o the r  device  types  and o the r  manufacturers .  

The source  of r a d i a t i o n  used throughout t h e  program t o  s imula te  a l l  
types  of s teady  s ta te  ion iz ing  r a d i a t i o n  w a s  a 150 keV cons tan t  p o t e n t i a l  
X-ray genera tor .  
s i n c e  i t s  maximum energy leve l  i s  low enough t h a t  i t  cannot cause  s i g n i f i -  
c a n t  bu lk  displacement damage. A s  a r e s u l t ,  a l l  r a d i a t i o n  damage observed 
is  a t t r i b u t a b l e  t o  s u r f a c e  degradat ion.  

e f f e c t s  t h a t  are  of most concern t o  the  c i r c u i t  des igner  are  common emitter 
c u r r e n t  g a i n  hFE and co l l ec to r -base  leakage c u r r e n t  ICBO. I n  t h i s  program, 
primary emphasis w a s  devoted t o  changes i n  t h e s e  two parameters due t o  t h e  
accumulated ion iz ing  r a d i a t i o n  exposure i n  u n i t s  of roentgens (R) .  Dose 
ra te  (R/s) e f f e c t s  t o  t h e s e  parameters w e r e  e l imina ted  by removing t h e  
dev ices  from t h e  r a d i a t i o n  f i e l d  during measurments. 
i r r a d i a t e d  f o r  a per iod of t i m e ,  removed from t h e  r a d i a t i o n  source  f o r  
s e v e r a l  minutes t o  make measurements, t hen  re turned  f o r  a d d i t i o n a l  r ad i -  
a t i o n .  Such radiation-measurement- cycles continued u n t i l  t h e  device  re- 
ceived t h e  t o t a l  des i r ed  accumulated dose.  
on t h e  number of d a t a  p o i n t s  des i r ed .  Usual ly  s e v e r a l  p o i n t s  were taken 
a t  both low and high accumulated doses .  Data were usua l ly  p l o t t e d  t o  
show damage as a func t ion  of t o t a l  r a d i a t i o n  exposure dose.  

Phase I 

This  r a d i a t i o n  source produces only  ion iz ing  e f f e c t s  

The two t r a n s i s t o r  parameters a f f e c t e d  by radiat ion-induced s u r f a c e  

Devices were usua l ly  

The number of cyc le s  depended 

In  Phase I, 2N1613 t r a n s i s t o r s  were subjec ted  t o  ion iz ing  r a d i a t i o n  
wi th  varinijs e1ectr-ca1 b ia ses .  T h e  effects o f  thPse electricil 111.1 r zd i -  
a t i o n  s t r e s s e s  on hFE and ICBO were determined f o r  var ious  va lues  of co l -  
l e c t o r  cu r ren t  during measurement. 
w i t h  2N1613s subjec ted  t o  s t r e s s e s  of temperature  and r a d i a t i o n ,  tempera- 
t u r e  a lone ,  and r a d i a t i o n  and va r ious  ambient media surrounding t h e  
t r a n s i s t o r  su r face ,  i . e . ,  a i r ,  vacuum, and d ry  n i t rogen .  
w e r e  designed t o  provide  d a t a  f o r  i d e n t i f y i n g  t h e  s u r f a c e  damage mechanisms 
and f o r  developing a t h e o r e t i c a l  model t o  desc r ibe  radiat ion-induced s u r -  
f a c e  e f f e c t s .  The experiments w i t h  temperature,  r a d i a t i o n ,  and e l e c t r i c a l  
b i a s  were performed t o  eva lua te  va r ious  techniques f o r  sc reening  t r a n s i s -  
t o r s  f o r  t h e i r  t o l e r a n c e  t o  i o n i z i n g  r a d i a t i o n ,  i .e . ,  s epa ra t ing ,  by non- 
d e s t r u c t i v e  methods, devices  wi th  good s u r f a c e  s t a b i l i t y  i n  r a d i a t i o n  from 
t h o s e  w i t h  poor s u r f a c e  s t a b i l i t y .  

t h e  t h e o r i e s  and t h e  screening  techniques  developed i n  Phase I and t o  de- 
te rmine  t h e  in f luence  of f a b r i c a t i o n  and s u r f a c e  p a s s i v a t i o n  processes  on 

S i m i l a r  experiments were performed 

These experiments . 

Phase I1 w a s  e s s e n t i a l l y  a device  eva lua t ion  phase intended t o  v e r i f y -  

I 



r a d i a t i o n  induced s u r f a c e  e f f e c t s .  
t r a n s i s t o r s  included p l ana r  S i02  pass iva t ed ,  epi taxial-mesa,  m e s a ,  a l l o y  
j u n c t i o n ,  F a i r c h i l d ' s  P lanar  11, Texas Ins t ruments '  F i e ld  P l a t e ,  Motorola 's  
annu la r  (band-guard p rocess ) ,  and two experimental  processes  wherein 
m e t a l l i z a t i o n  was placed over t h e  emit ter-base j u n c t i o n .  
p-n-p t r a n s i s t o r s  were evaluated as w e l l  a s  j u n c t i o n  and metal-oxide- 
semiconductor f i e l d  e f f e c t  t r a n s i s t o r s .  

provided a comparative eva lua t ion  of t h e i r  i o n i z i n g  r a d i a t i o n  t o l e r a n c e  
b u t  a l s o  provided an  eva lua t ion  of t h e  screening  technique and t h e  dam- 
age  model f o r  a wide v a r i e t y  of devices .  

1.4 SUMMARY OF RESLLTS 

The processes  evaluated f o r  b i p o l a r  

Both n-p-n and 

Experiments performed on t h e  device types  enumerated above not  on ly  

The two major achievements of t h e  program were: (1) t h e  determina- 
t i o n  of t h e  damage mechanisms involved i n  t r a n s i s t o r  su r face  r a d i a t i o n  
e f f e c t s  and t h e  dependence of t h e s e  mechanisms on c e r t a i n  e lec t r ica l  
c o n d i t i o n s ,  temperatures ,  ambient media, device  cons t ruc t ion ,  and sur -  
f a c e  t r ea tmen t s ;  and (2) t h e  development of an  e f f e c t i v e  nondes t ruc t ive  
sc reen ing  technique f o r  s e p a r a t i n g  t r a n s i s t o r s  wi th  good s u r f a c e  s t a b i l i t y  
i n  i o n i z i n g  r a d i a t i o n  from those  with poor s u r f a c e  s t a b i l i t y .  

The s u r f a c e  p r o p e r t i e s  of Si02 pass iva t ed  s i l i c o n  devices  exposed 
t o  i o n i z i n g  r a d i a t i o n  change due t o  a n e t  accumulation of p o s i t i v e  charge 
over  t h e  SiO2-Si i n t e r f a c e .  The charge accumulation o r  r e d i s t r i b u t i o n  i n  
t h e  Si02 l a y e r  r e s u l t s  from migra t ion  of ion ized  charge c a r r i e r s  under 
t h e  i n f l u e n c e  of e lec t r ic  f i e l d s  i n  t h e  Si02. For MOSFET dev ices ,  t h e s e  
f i e l d s  r e s u l t  from an  appl ied  g a t e  p o t e n t i a l ,  and, f o r  j u n c t i o n  dev ices ,  
from j u n c t i o n  f r i n g i n g  f i e l d s  and ionized gas  charge c o l l e c t i o n  on t h e  
Si02-ambient su r f ace .  
changes t h e  semiconductor s u r f a c e  p o t e n t i a l ,  s u r f a c e  recombination ve- 
l o c i t y ,  and s u r f a c e  c a r r i e r  concen t r a t ion ,  and t h e s e  changes i n  t u r n  
produce changes i n  hFE and 1 ~ ~ 0 .  The amount of degradat ion i s  dependent 
upon t h e  e l e c t r i c a l  b i a s  condi t ions  dur ing  i r r a d i a t i o n ,  s i n c e  t h e s e  con- 
d i t i on ' s  i n f luence  t h e  magnitude of t h e  e i e c c r i c  fields In t h e  Sic12 layer. 

The charge accumulation over t h e  SiO2-Si i n t e r f a c e  

A r e v e r s e  b iased  co l lec tor -base  junc t ion  dur ing  i r r a d i a t i o n  can - 
cause  ion ized  gas  charge t o  c o l l e c t  on t h e  Si02-ambient su r f ace ,  which 
r e s u l t s  i n  inve r s ion  of t h e  p-materia1 and l a t e r a l  ex tens ion  of t h e  base- 
emitter and co l l ec to r -base  junc t ions  beneath t h e  S iO2-S i  i n t e r f a c e .  The - 
e f f e c t  of t h i s  channel on hFE and ICBO v a r i e s  widely depending on t h e  
q u a l i t y  of t h e  s i l i c o n  d i r e c t l y  beneath t h e  SiO2-Si i n t e r f a c e .  
which extends t o  a g ross  d e f e c t  or "generat ion si te ' '  a t  t h e  i n t e r f a c e ,  
can  r e s u l t  i n  a c a t a s t r o p h i c a l l y  l a r g e  c u r r e n t ,  whi le  a r e l a t i v e l y  cl'ean 
i n t e r f a c e  produces only minor changes i n  IcBO and hFE. Another cause  of 
deg rada t ion  is  s u r f a c e  space charge r eg ion  recombination-generation cur- 
r e n t  which i s  produced by a decrease i n  t h e  s u r f a c e  p o t e n t i a l .  
lower s i l i c o n  s u r f a c e  p o t e n t i a l  en la rges  t h e  area of t h e  space  charge 
region-Si02 i n t e r f a c e  and inc reases  s u r f a c e  recombination v e l o c i t y  which 

A channel 

The 



r e s u l t s  i n  a h igher  p r o b a b i l i t y  of recombination-generation i n  t h e  space 
charge region.  The e f f e c t  of channel cu r ren t  and s u r f a c e  recombination- 
gene ra t ion  cu r ren t  i s  very  pronounced a t  low measurement o r  ope ra t ing  cur- 
r e n t s  where t h e  s u r f a c e  c o n t r i b u t i o n  t o  t h e  base  c u r r e n t  i s  r e l a t i v e l y  
l a rge .  
doses as s m a l l  as l O 4 R .  
a t  high doses due t o  channel recess ion .  
between lo5  and 1 0 6 R .  

T r a n s i s t o r s  i r r a d i a t e d  without  b i a s  app l i ed  t o  e i t h e r  j u n c t i o n  have 
a lower rate of damage bui ldup and a lower magnitude of damage wi th  r ad i -  

damage are a l s o  smaller a t  h igher  measurement c u r r e n t s .  
t r u e  f o r  t r a n s i s t o r s  wi th  forward-biased j u n c t i o n s  where t h e  magnitudes 
and rates are lower than  t h e  zero  b i a s  case .  

Large changes i n  hFE and ICBO occur a t  low ope ra t ing  c u r r e n t s  f o r  
The damage e f f e c t s  tend t o  s a t u r a t e  o r  even recede 

Damage s a t u r a t i o n  g e n e r a l l y  occurs  

- a t i o n  dose than  reverse-biased t r a n s i s t o r s .  Magnitudes and ra tes  of 
The same i s  

I n  summary, both t h e  magnitude of damage and r a t e  of damage bui ldup 
w i t h  dose are g r e a t e s t  f o r  t h e  case of r e v e r s e  b i a s  dur ing  i r r a d i a t i o n .  
They are smaller when i r r a d i a t i o n  t akes  p l a c e  without  b i a s  and are sma l l e s t  
when t r a n s i s t o r s  a r e  forward b iased  d u r i n g . i r r a d i a t i o n .  For any b i a s  
cond i t ion ,  damage and damage r a t e  become smaller as t h e  measurement o r  
ope ra t ing  c u r r e n t s  become l a r g e r .  
1 0 4 R  and gene ra l ly  reaches  a s a t u r a t i o n  l e v e l  by 1 0 6 R .  

fo rmat ion  and r eces s ion  of t h e  channel.  n-p-n t r a n s i s t o r s  experience 
channel ing  and r a t h e r  r ap id  bui ldup of damage a t  r e l a t i v e l y  low doses ,  
b u t  a t  high doses  t h e  channel recedes  and damage s a t u r a t e s  o r  i n  some 
cases recedes  t o  lower l e v e l s .  For p-n-p t r a n s i s t o r s ,  t h e  damage b u i l d s  
up more slowly a t  low doses  bu t  cont inues t o  i n c r e a s e  wi th  dose r a t h e r  
than  receding  as i n  t h e  case of n-p-n t r a n s i s t o r s .  

ences  r a d i a t i o n  su r face  damage. No l a rge  d i f f e r e n c e s  i n  damage occur 
between t h e  normal n i t rogen  ambient arid a vaciiiiiii for dF.? iCzS ::it!? p=CSil le 
o r  forward b i a s e s  during i r r a d i a t i o n .  However, f o r  r eve r se  b i a s  cond i t ions ,  
damage bui ldup wi th  dose i s  cons iderably  less a t  low doses  f o r  evacuated 
d e v i c e s  than  f o r  those  wi th  n i t r o g e n  ambient. 
f e r e n c e s  i n  magnitude of damage between vacuum and n i t rogen  ambient are 
s m a l l .  Evacuation i s  t h e r e f o r e  an e f f e c t i v e  means of reducing damage t o  
reverse-biased t r a n s i s t o r s  a t  low doses ,  lo5 t o  1 0 6 R ,  because i t  reduces 
t h e  e f f e c t  of channel ing.  It i s  not  a remedy f o r  a l l  s u r f a c e  damage s i n c e  
o t h e r  damage mechanisms are p resen t  which are not  a f f e c t e d  by t h e  ambient. 

High temperatures  can be  used very e f f e c t i v e l y  t o  remove s u r f a c e  
damage induced by r a d i a t i o n .  Experiments showed t h a t  radiat ion-induced 
s u r f a c e  damage i n  Si02 pass iva t ed  t r a n s i s t o r s  can be removed by baking 
t h e  t r a n s i s t o r s  a t  about  3OO0C f o r  a per iod  of f i v e  hours.  The a b i l i t y  
t o  r ecove r  t r a n s i s t o r s  t o  t h e i r  i n i t i a l  cond i t ions  enables  screening  of 

Damage bui ldup can be apprec i ab le  a t  

The major d i f f e r e n c e  between p-n-p and n-p-n t r a n s i s t o r s  i s  i n  t h e  

The ambient medium (gas o r  vacuum) surrounding t h e  t r a n s i s t o r  i n f l u -  
. 

A t  h igh  doses  - l O 7 R ,  d i f -  
- 
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dev ice  types  and s e l e c t i o n  of i nd iv idua l  t r a n s i s t o r s  which are  least  s u s -  
c e p t i b l e  t o  damage by ion iz ing  r a d i a t i o n .  
wi th  X-rays t o  e s t a b l i s h  t h e i r  behavior i n  i o n i z i n g  r a d i a t i o n  so  t h a t  t h e  
least  s u s c e p t i b l e  devices  can be screened from t h e  more s u s c e p t i b l e  ones.  
The s e l e c t e d  dev ices  can be  r e s to red  t o  t h e i r  p r e i r r a d i a t i o n  va lues  by t h e  
300°C baking pe r iod .  

The temperature  recovery technique a l s o  permit ted t h e  use  o f  series- 
t e s t i n g  i n  t h e  i n v e s t i g a t i v e  experiments of Phase I. 
i r r a d i a t e d  under a v a r i e t y  of cond i t ions  w i t h  t h e  damage removed by anneal-  
ing  a f t e r  each test  condi t ion .  
dev ices  from in f luenc ing  t h e  r e s u l t s  of t h e  comparison. 

n i f i c a n t  advantages of p-n-p over  n-p-n t r a n s i s t o r s  subjec ted  t o  i o n i z i n g  
r a d i a t i o n  environments.  
component was h ighe r  i n  some n-p-n's than  i n  p-n-p's a t  doses  on t h e  o rde r  

gene ra l  i s  s i g n i f i c a n t l y  less i n  t h e  p-n-p t r a n s i s t o r .  Various techniques  
f o r  e l i m i n a t i n g  i n c r e a s e s  of p-n-p ICBO, such as a p+ annular  r i n g  (Motor- 
o l a ' s  annu la r  p rocess )  o r  a m e t a l l i z a t i o n  over  t h e  c o l l e c t o r  base  j u n c t i o n  
(Texas Ins t rumen t s '  f i e l d  p l a t e )  do n o t  produce t r a n s i s t o r s  t h a t  are im- 
mune t o  i o n i z i n g  r a d i a t i o n .  The T r i R e l  p rocess  (Texas Ins t rumen t s ) ,  which 
i n c l u d e s  a f i e l d  p l a t e ,  a p+ doped guard r i n g ,  and a P2O5 g e t t e r  f o r  sodium 
and potassium i o n s ,  a l s o  f a i l e d  t o  produce a t r a n s i s t o r  t h a t  i s  immune t o  
i o n i z i n g  r a d i a t i o n .  The F a i r c h i l d  P lana r  I1 process  provides  t r a n s i s t o r s  
w i t h  e x c e l l e n t  i n i t i a l  s u r f a c e  i n t e r f a c e  c h a r a c t e r i s t i c s ;  n e v e r t h e l e s s  i t  
w a s  unab le  t o  i n h i b i t  s u r f a c e  damage. 

Other  r e s u l t s  show t h a t  a t tempts  by two manufacturers  t o  i n h i b i t  
hFE degrada t ion  by p l ac ing  m e t a l l i z a t i o n  over  t h e  emit ter-base j u n c t i o n  
proved e f f e c t i v e  i n  e l imina t ing  t h e  dominant channel c u r r e n t  mechanism 
of hFE degrada t ion  a t  low doses .  (No b i a s  was requi red  on t h e  me ta l l i za -  
t i o n ;  v a r i o u s  b i a s e s  proved t o  be  i n e f f e c t i v e . )  Although t h i s  technique  
e l imina ted  t h e  channel  mechanism, hFE degrada t ion  d i d  no t  completely 
d i s a p p e a r  because o t n e r  damage iiiechai;isms %ere s t i l l  p reva len t .  
hFE sp reads  and t o t a l  incur red  damage were smaller i n  t h e  m e t a l l i z e d  
t r a n s i s t o r s  than  i n  t h e  same devices  wi thout  m e t a l l i z a t i o n .  This  method 
of reducing  damage bui ldup  d i f f e r s  from screening  i n  t h a t  i t  completely 
avoids  t h e  channel  mechanism. Moreover, t h e  t i g h t  grouping of hFE spreads  
i t  produces imp l i e s  t h a t  m e t a l l i z a t i o n  and c a r e f u l  process  c o n t r o l  w i l l  
u l t i m a t e l y  prec lude  requirements  t o  screen .  

Add i t iona l  exper imenta t ion  and eva lua t ion  of both r ad ia t ion -  
tempera ture  sc reen ing  and emitter base  m e t a l l i z a t i o n  techniques are re- 
q u i r e d  t o  ach ieve  t r a n s i s t o r s  wi th  minimum s u s c e p t i b i l i t y  t o  ion iz ing  
r a d i a t i o n .  

The f i n a l  experiments on f i e l d  e f f e c t  t r a n s i s t o r s  revea led  t h a t  
MOSFETs are extremely v u l n e r a b l e  t o  ion iz ing  r a d i a t i o n .  Drain-source 
l eakage  c u r r e n t  i nc reased  f i v e  decades,  from lOOpA t o  10pA,  f o r  a dose 
of 2 . 5  x lO4R when t h e  p-channel MOSFET was b iased  ON dur ing  i r r a d i a t i o n .  
The magnitude of t h e  r equ i r ed  nega t ive  g a t e  vo l t age  t o  t u r n  on t h e  MOSFET 
i n c r e a s e s  w i t h  dose because of the p o s i t i v e  charge bui ldup i n  t h e  oxide.  

T r a n s i s t o r s  are f i r s t  i r r a d i a t e d  

S ing le  dev ices  were 

S e r i e s - t e s t i n g  prevents  v a r i a t i o n s  among 

The dev ice  eva lua t ion  experiments i n d i c a t e  t h a t  t h e r e  are no s ig -  

Even though t h e  magnitude of t h e  channel damage 

. of 105R, t h e r e  i s  no conclus ive  evidence t h a t  t h e  hFE degrada t ion  rate i n  

. 

However, 

' 
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For MOSFETs biased OFF during irradiation, the drain-source leakage 
current is a function of the applied gate voltage; however, most MOSFETs 
could not be turned on with the maximum allowable gate voltage after 
only 2.5 x 104R. After an accumulated exposure to about 106 to lO7R, 
MOSFETs recover somewhat although electrical parameters are much different 
from their preirradiation values. 

have good tolerance to ionizing radiation. The transconductance of these 
devices was unaffected by radiation. Drain-source leakage current increased 
about a decade from 1 to lOnA after 1.5 x 106R, but the pinchoff voltage 
was unaffected by the radiation. Leakage currept decreased slightly 
after 107~. 

Experiments with p-channel junction FETs indicated that these devices 

-. - .. .. .- .. . . - _ _ _  . -- .. . . .. -. . 
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SECTION 2 

EXPERIMENTAL PROGRAM 

2.1 PHASE I 

2.1.1 Causes of Degraded Gain and Increased Leakage Current 
. Ionizing radiation induces changes in the surfaces of Si02 

passivated transistors that result in degraded hFE and increased ICBO. 
Phase I of the program was designed to provide an understanding of the 
mechanisms that produce these degradations and to develop techniques to 
be used in Phase I1 for nondestructively screening devices to identify 
those that are least susceptible to degradation by ionizing radiation. 
The experimental portion of this phase of the program was designed to 
provide the data necessary to determine the relationships between the 
induced degradation and various electrical and environmental stresses 
on transistors. Each Phase I test was planned largely from the results 
of previous tests, in line with the experimental nature of the program. 
Phase I was an investigative phase during which many different stresses 
were applied to a single device type to identify and determine the ef- 
fects of various conditions on damage mechanisms. The mechanisms are 
discussed in Section 3. 

In the initial stages of the program, attempts were made to 
eliminate as many variables as possible that would not aid in understand- 
ing the damage mechanisms. 
restricted to the study of a single, planar Si02 passivated device type, 
the Fairchild 2N1613, which was arbitrarily selected. The effects of 
ionizing radiation were investigated for various conditions of electrical 
bias durins radiation and during measurement, and various temperature, 
dose rates and ambient media. 
a function of radiation dose. The effects evaluated are summarized 
below. 

For this reason, Phase I of the program was 

Changes in hFE and I c B ~  were observed as 

- -  2.1.1.1 Electrical Bias Effects During Irradiation 

Biases applied to transistors during irradiation 
were: passive (no bias); collector-base junction reverse biases of 6V, 
12V, and 50V; emitter-base reverse bias of 3V;  and an active bias of . 
6V collector-base voltage and lCmA collector current (normal amplifier 
operating mode). 

. 

2.1.1.2 Electrical Bias Effects During, Measurement 
The effects of various measurement currents on 

damage were investigated by measuring hFE over seven decades of collector 
current from lOOnA to 300mA. 



2.1.1.3 Temperature Effects 

During data measurement, temperature normally was 
controlled at 35°C to avoid variations in damage response due to temper- 
ature differences. 
making measurements at two controlled temperatures, 0' and 35'C. 

Temperature coefficient of damage was studied by 
c 

Additional experiments were performed to determine 
the correlation, if any, between temperature and radiation induced hFE 
degradation. Various reverse biases were applied to both the emitter- 
base and the collector-base junctions of test transistors, which were 
then subjected to temperatures as high as 300OC for as long as one hour. 
Some transistor manufacturers employ similar high temperature stress 
periods, referred to as "burn in,'' during which they monitor for instabil- 
ities in surface properties. 
a gold-aluminum metal system generally are unaffected by temperature 
excursions to 300OC. 
high temperature stress can incur 

Highly reliable transistors that do not use 

(Gold-aluminum bonds subjected to long periods of 
permaAent chemical damage known as 

purple plague. 'I) 11 

2.1.1.4 Rate Effects 

The ionizing radiation dose rate generally used 
throughout the experiments was 41 = 5 x lo5  R/hr. 
vestigated by means of rates of one-tenth and one-one hundredth of the 
normal dose rate. 

Rate effects were in- 

2.1.1.5 Ambient Media Effects 

Transistors are normally packaged in cans with a 
gas such as nitrogen or dry air as the ambient medium, The experiments 
discussed above were performed with transistors in their normal medium. 
Additional investigations were made of the effects of radiation stresses 
on transistors in vacuum and in room air. 

2.1.2 Damage Removal Techniques 

An additional goal of Phase I was to study various methods 
of damage removal and to develop a recovery technique whereby transistors 
that incur surface degradation can be returned to their preirradiation 
conditions. Such a technique is essential to the concept of screening 
devices for their tolerance to ionizing radiation and is,in addition, a 
valuable aid in the identification of damage mechanisms because it permits 
the same device to be tested in series under different conditions. 

. 

Series tests are important for eliminating the sensitivities 
of individual devices from the damage induced by 2 particular stress. 
Most of the initial experiments were performed on a parallel basis; i.e., 
2N1613 transistors were divided into groups which were subjected to dif- 
ferent stress conditions simultaneously. The qualitative results obtained 
from these experiments allowed identification of several damage mechanisms 



and indicated the dominent damage mechanisms as functions of bias and 
dose. 
of stress during radiation could not be determined accurately from the 
parallel tests because each transistor has a slightly different sensi- 
tivity to each particular bias-radiation stress. 
be made by means of series tests in which only a few transistors are sub- 
jected to alternate periods of bias-radiation stresses if a technique 
were available for removing the damage after each test. To develop such 
a technique, transistors were tested under experimental conditions of radi- 
ation, bias-radiation, bias-radiation-temperature, and finally high tem- 
perature.stresses only. The results of these experiments were used to 
determine which stress or combination of stresses is most effective in 
removing ionizing radiation-induced damage and allowing the transistor 
to recover to its original condition. 

However, the relative magnitudes of damage induced as a function 

Such comparisons could 

2.2 PHASE I1 

The object of Phase I1 of the program was to extend the results of 
Phase I to transistor types other than the Phase I test device. The 
knowledge obtained in Phase I aided in developing procedures employed in 
Phase I1 to investigate the damage mechanisms of several n-p-n and p-n-p 
bipolar and two unipolar transistors. For the most part, a single bias- 
radiation stress was used on all device types investigated. Attempts 
were made to show that the damage mechanisms detected in Phase I were 
present in all the other devices also by using the bias that was most 
effective in developing damage in the 2N1613 devices of Phase I. The 
reverse-biased collector-base junction was effective in eliciting both 
the low-level damage mechanisms that are introduced in Section 3. The 
tests of Phase 11, unlike those of Phase I, used fixed radiation and 
measurement procedures, fixed data measurement points, and fixed sample 
sizes. Among the devices tested were several experimental types that had 
been fabricated by techniques that were expected to reduce or eliminate 
device sensitivity to surface damage. To evaluate the screening technique 
developed in Phase I, each of the Phase I1 tests consisted of two cycles 
so that damage buildup in both cycles could be compared for repeatability. 

-- 2 . 3  GENERAL EXPERIMENTAL PROCEDURES 
Experimental test procedures evolved from observations made during 

prior tests. To eliminate temperature effects while studying the effects 
of other stress.paramsters, temperatures were carefully controlled with 
an electronic temperature controller during data measuring cycles. In 
early tests it was discovered that the amount of hFE degradation was less 
in a repeated measuring cycle than in the first measuring cycle, clearly 
indicating that damage was annealed by the measurement cycle. The amount 
of damage annealed appeared to be dependent upon the bias used during 
radiation. Damage was observed to anneal also as a function of shelf 
time (time during which devices remain in storage with no applied stresses 
other than ambient conditions). Consequently, the procedure for recording 

0 
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d a t a  w a s  modif ied t o  inc lude  a second reading of on ly  t h e  l/hFE datum 
a t  10-7A ( t h e  lowes t  measurement cu r ren t  avai a b l e  on t h e  low l e v e l  
l/hFE tester) t o  be  used t o  i n d i c a t e  t h e  s t a b i l i t y  of induced degradat ion.  
A l l  d a t a  p o i n t  readings  were recorded as soon as p o s s i b l e  fol lowing re- 
moval of  dev ices  from t h e  X-ray machine t o  avoid t i m e  anneal ing.  

several c l o s e l y  spaced d a t a  p o i n t s  (a d a t a  p o i n t  r e f e r s  t o  a l l  d e s i r e d  
d a t a  subsequent  t o  a s p e c i f i e d  amount of accumulated dose) a t  small doses 
and t o  r eco rd  fewer d a t a  p o i n t s  as l a r g e r  doses were accumulated; t h i s  
w a s  necessary  due t o  t h e  r e l a t i v e l y  l a r g e  changes i n  t r a n s i s t o r  parameter 
degrada t ion  a t  e a r l y  doses .  

i n  a t t empt s  t o  f i n d  changes i n  device parameters t h a t  would l e a d  t o  iden- 
t i f i c a t i o n  of damage mechanisms. 
recorded i n  some tests a t  each d a t a  p o i n t ,  were u s e f u l  f o r  i n d i c a t i n g  
changes i n  j u n c t i o n  geometry as a func t ion  of dose. 
t i o n  V-I c h a r a c t e r i s t i c s  were recorded i n  some i n s t a n c e s ,  bu t  were of no 
va lue  f o r  damage mechanism i d e n t i f i c a t i o n .  

The g e n e r a l  procedure developed f o r  Phase I experiments w a s  t o  record  

Data recorded were gene ra l ly  l /hFE f o r  
IC < 3 x 10-18 and ICBO at  VCB = 5.3V. Various o t h e r  d a t a  were recorded 

Junct ion capac i tance  d a t a ,  which were 

Reverse-biased junc- 

2 . 4  EXPERIMENTAL EQUIPMENT 

2 . 4 . 1  Radia t ion  Source 

The i o n i z i n g  r a d i a t i o n  source  employed i n  the  program w a s  a 
S i e f e r t  I s o v o l t  150kV cons tan t  p o t e n t i a l  X-ray genera tor .  The maximum 
energy level  developed is 150keV, with an average l e v e l  of approximately 
90keV. The advantage of us ing  t h i s  source  of i on iz ing  r a d i a t i o n  i s  t h a t  
t h e  X-ray energy i s  below t h e  threshold  f o r  producing bulk displacement 
damage i n  t r a n s i s t o r s ,  bu t  s t i l l  s u f f i c i e n t  t o  produce the  des i r ed  l e v e l  
of i o n i z i n g  r a d i a t i o n .  An X-ray source has  t h e  added advantage of being 
a convenient ,  inexpens ive  l abora to ry  f a c i l i t y  f o r  i r r a d i a t i n g  t r a n s i s t o r s .  
A photograph of t h i s  f a c i l i t y  i s  presented i n  F igure  2-1. Another photo- 
graph i n  F igu re  2-2 shows t h e  tesr:  c r a n s i s t o r s  mwuuted ai-ound the circiiii- 
f e r e n c e  of  t h e  X-ray tube  i n s i d e  the  sh i e lded  enc losure .  

from Con t ro l s  for  Radia t ion ,  Inc . ,  was approximately 5 x 105R/hr f o r  
t r a n s i s t o r  d i e s  enc losed  i n  TO5 and TO18 cans.  The dose r a t e  de l ive red  
t o  power t r a n s i s t o r s  w a s  approximately 105R/hr because of t h e i r  more m a s -  
s ive package and because of t h e i r  g r e a t e r  r a d i a l  d i s t a n c e  from t h e  r ad i -  
a t i o n  source .  Dosimetry measurements were taken by dosimeters  enclosed 
i n  t r a n s i s t o r  cans  p laced  a t  var ious  d i s t a n c e s ,  r a d i a l  angles ,  and p o s i t i o n s  
above and below t h e  c e n t e r l i n e  of  the  beam of t h e  X-ray source  (Refer 
t o  F igu re  2 - 3 ) .  
t h e  r a d i a t i o n  f i e l d  so t h a t  t h e  a t t e n u a t i o n  due t o  t h e  cans could be 
determined. 

The dose rate 4 , as determined by thermoluminescent dosimeters  

Other  dos imeters  not  enclosed i n  cans were p laced  w i t h i n  

The TO5 and TO18 cans a t t e n u a t e  t h e  dose about 10 pe rcen t .  



Figure  2-1 - X-ray f a c i l i t y  

F i g u r e  2-2 - X-ray tube mounted i n  i t s  s h i e l d  w i t h  t r a n s i s t o r s  i n  p l a c e  
around t h e  tube i n  prepara t ion  f o r  i r r a d i a t i o n  
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Figure  2-3 - X-ray beam geometry 

2 . 4 . 2  Low Level  l / h v F  Tester 

J 

. -  

A s p e c i a l  l /hFE tester was designed t o  measure ga in  degra- 
d a t i o n  a t  low t o  medium c o l l e c t o r  c u r r e n t s  (O.lpA t o  1OOmA). This  tester 
ma in ta ins  IC cons tan t  over  t h e  c u r r e n t  range of i n t e r e s t ,  and a sensor  
measures t h e  base  c u r r e n t  over  t h e  range of 50pA t o  1OOmA. The accuracy 
Of l/hFE read ings  var ies  f rom+5 percent  a t  IC = 0 . 1 p A  t o  < 20.2 percent  
a t  IC - > 1NA. VCB v a r i a t i o n s  dur ing  measurements are too small t o  a f f e c t  
~ F E  

r L a i t j c  ---- values sf c ~ l l e ~ t s r  1~,1ECzge c ~ r r e n t  I--- ran seriously 
LDU 

d i s t o r t  t h e  l/hFE v e r s u s  IC r e l a t i o n  a t  low measurements because t h e  
a c t u a l  measured base  l e a d  c u r r e n t  inc ludes  I C B ~ .  
p a r t i a l l y  compensated f o r  i n  t h i s  system by inducing a c u r r e n t  equal  and 
oppos i t e  t o  ICBO i n t o  t h e  base  l ead .  An equal  compensating c u r r e n t  is 
a l s o  f e d  i n t o  t h e  c o l l e c t o r  s i d e  of the  co l l ec to r -base  j u n c t i o n  t o  com- 
pensa te  f o r  t h e  e f f e c t  of ICBO on c o l l e c t o r  cu r ren t  and al low t h e  col-  
l e c t o r  c u r r e n t  c o n t r o l  loop t o  maintain cons tan t  c o l l e c t o r  d i f f u s i o n  
c u r r e n t .  

t ak ing  measurements u s ing  a s i n g l e  75 5 25ms measurement p u l s e  which 
reduces e lectr ical  annea l ing  of s u r f a c e  damage whi le  d a t a  are being 
ob ta ined  from t h e  test t r a n s i s t o r s .  

The e f f e c t  of ICBO i s  

An impor tan t  f e a t u r e  of t h i s  tes ter  is i t s  c a p a b i l i t y  of 



. 

2.4.3 High Level hFE Tester 

At collector currents from 1mA to 30A, a high current pulsed 
gain tester (Birtcher No. 70) was used. This tester utilizes a pulse 
train with a 2 percent duty cycle and a pulse width of 200~s. 
curacy of the tester is 2 percent of full scale hFE readings, where full 
scale is either 100 or 1000. 

The ac- 

2.4.4 Temperature Controller 

During data measurements, temperature was controlled with a 
Peltier junction temperature controller capable of controlling junction 
temperatures within less than 1 " C ,  thereby producing repeatable test 
conditions. 

ations of VBE were sometimes as much as 3mVbutwere usually less than 
that. 

The temperature coefficient of VBE is approximately -2.7 mV/ 
C at IC = 1pA and -2.lmV/OC at IC = I d .  Recorded data show that vari- - 0  

2.4.5 Junction Capacitance Measurements ' 

Junction capacitances were measured with a Wayne-Kerr Model 
B201 impedance bridge. 
minor division (fourth significant figure) and is capable of reading 
capacitance from 1pF to 0.01pF. 

The bridge has an accuracy of 20.1 percent 5 1 

2 . 4 . 6  Reverse V-I Characteristics 
. Reverse junction Vi1 characteristics were plotted using a 

The 
Kewlett-Packard analog plotter. 
supplied from the sawtooth generator of a Tektronix oscilloscope. 
reverse current was measured with a Hewlett-Packard Model 425A dc Micro 

was then fed into the vertical input of the plotter. 

Sweep and reverse bias voltage was 

I 
I 

I 
2.4.7 Logarithmic Amplifier I 

i 

Volt- Ammeter and converted internally to a proportional voltage which 

have an accuracy of ~5 percent. 
The plotted curves 

I 

I 
I 

I 
! 

i 

Special instrumentation was developed for FETs to allow 
measurement of drain current as a function of gate voltage from 
to 5 x 10-3A. This equipment utilizes a logarithmic amplifier with peak - 
values of noise on the order of +25pA. 
fier and an analog x-y recorder is capable of recording current-voltage 
characteristics with accuracies within k5 percent over the entire oper- 
ating range of the devices tested. 

A system composed of this ampli- . 

3 I 2-7 ~ 



3 . 1  INTRODUCTION TO SURFACE DAMAGE MECHANISMS 

One source of surface instability normally associated with silicon 
dioxide passivated transistors is the physical dissimilarities between 
the oxide and silicon. The effects of Si02 passivation is a depletion 
of majority carriers in p-type material (or an enhancement of majority 
carriers in n-type material) beneath the oxide which can affect electrical 
performance. Likewise, ionization can affect electrical performance. 
X-ray irradiation causes ionization of the gas ambient surrounding the 
transistors or in the oxide itself, with a resulting charge buildup on  
and in the oxide similar to charge buildup observed in studies of high 
temperature effect~.~*l These h i g h  temperature studies showed that the 
charge buildup results in'apparent mobile charged species migration due 
to the electric fields that are set up and that eventually the charge 
buildup and migration change the character of the silicon dioxide and 
the silicon beneath the oxide and hence the electrical properties of the 
transistor. The charge buildup in the oxide is analogous to the applied 
gate potential of MOS structures; a positive potential on the gate causes 
an increase of electron density in the silicon beneath the oxide, while 
a negative potential causes an increase of hole density. 

the following changes in the silicon in the oxide-silicon interface region. 
Charge buildup in or on the oxide of a passivated transistor causes 

SECTION 3 
DAMAGE MEChANISMS DETECTION AND IDENTIFICATION 

1 

(1) Enhancement of the majority mobile charge carriers if 
the resulting potential of the surface oxide is of the 
opposite polarity tc! majority carriers. 

Depletion of the majority carriers if the resulting 
potential of the surface oxide is of the same polarity 
as the majority carriers. 

sufficient depletion to cause the minority carriers to 
dominate over the majority carriers in the surface region 
of the silicon, the silicon is said to be inverted. 

(2) 

(3 )  Finally, if the oxide charge is strong enough to produce . - - 

When material is inverted in a junction region, the junction becomes I 
extended, as shown in Figure 3-1, and a channel is formed. The term I 

i channel, as used in this report, refers to any extension of a junction 
without specifying a particular length or involvement of a junction contact. 

Charge buildup in the oxide also affects the surface recDmbinatCor 
I 

velocity. The maximum recombination velocity occurs when electrons and 
holes recombine at the same rate. Silicon dioxide passivation enhances 
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JUNCTION REGION SPACE CHARGE \- 
(n) Normal  p - n  junction Configuration 

p REGION DUE TO 
INVERSION OF THE 

p TYPE SILICON 

1. 

(b) Pos i t ive  charge buildup i n  the Si02 layer  causes 

invers ion of p mater ia l  beneath the layer  and 
extends the junction 

Figure  3-1 - p-n j u n c t i o n  conf igu ra t ion  f o r  
normal and channel condi t ions  

n-type s i l i c o n  and d e p l e t e s  p-type s i l i c o n .  
i n  t h e  s u r f a c e  oxide  cont inues  t o  enhance the  n-regions and t o  d e p l e t e  
t he  p-regions so  t h a t  t h e  maximum recombination v e l o c i t y  i s  reached i n  
t h e  p-region as i n v e r s i o n  i s  approached. 
b i n a t i o n  v e l o c i t y  are d iscussed  i n  Sec t ions  3.2 and 3 . 3 .  

m a t e r i a l  may be accompanied by increased  j u n c t i o n  capac i tance .  This  
i nc reased  capac i t ance  r e s u l t s  from the  expanded j u n c t i o n  s u r f a c e  area 
and t h e  decreased j u n c t i o n  width near t h e  su r face .  The width of t h e  
j u n c t i o n  decreases  n e a r  t h e  s u r f a c e  i n  d i f f u s e d  t r a n s i s t o r s  because of 
t h e  h ighe r  concen t r a t ion  of mobile charge c a r r i e r s  near  t h e  s u r f a c e ,  

P o s i t i v e  charge bu i ld ing  up 

The e f f e c t s  of increased  recom- 

The extended j u n c t i o n  t h a t  occurs  wi th  inve r s ion  of t h e  bulk  

tz3 
I 

i 



. .  . - .  

1 .  

i -  

% '  

which is characteristic of the diffusion process. The space charge width 
has an inverse relation to the concentration of mobile charge carriers 
on both sides of the metallurgical junction. 

3 . 2  INFLUENCE OF SURFACE CHANGES ON ELECTRICAL PARAMETERS 

Two electrical parameters, hFE and ICBO, were selected, for study 
in this program because of their sensitivity to surface changes. Junction 
capacitances were also monitored in most experiments because they can be 
good indicators of damage mechanisms. Changes in junction capacitance 
due to radiation-induced channels are discussed in Section 3 . 1 .  

Changes in the current gain of a transistor due to radiation can 
best be analyzed by examining the various current components that deter- 
mine current gain. Consider first a transistor biased in the common 
emitter mode with forward-biased emitter-base and reverse-biased collector- 
base junctions. The basic current components are: 

(1) ID, the diffusion current component from the emitter 
into the base due to the heavily doped emitter region 
and the forward biased base-emitter junction. 

16, the reverse diffusion component from the base into 
the emitter (a much smaller component than ID because 
the base is doped lower than the emitter). 

(3) I a ,  the base bulk recombination current, made up of 
those minority carriers injected from the emitter that, 
in diffusing across the base, recombine and are lost 
before reaching the collector. 

IRG, the recombination-generation component resulting 
from generation sites in the emitter-base space 
charge region. 

of injected carriers that results because the junctions 
extend to the Si-Si02 interface region where many 
generation sites exist. 

1 ~ ~ 0 ,  the collector-base leakage current composed 
principally of the recombination-generation current 
in the collector-base space charge region. 

(2) 

( 4 )  

(5) ISRG, the surf ace recombination-generation component 

(6) 

The gain hFE is the ratio of the collector current (diffusion cur- 
rent ID plus leakage current 1 ~ ~ 0 )  to the base current IB. 
posed of 16, IRB, IRG, ISRG, and Ic-0. Irradiation causes additional 
base current components to appear and other components to increase in 
magnitude. 
cess discussed above. 
of the number of generation sites in the channel region, which is a 
function of the quality of the Si02 and of the chemical structure of the--- 
interface. 

IB is coin- 

Channel current ICH occurs as a result of the inversion pro- 
The magnitude of the ICH component is a function 

Also, the ISRG component increases with the induced charge 
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buildup in the oxide because ionizing radiation increases the surface 
recombination velocity. 

The two radiation-sensitive components, ICH and ISRG, dominate hFE 
at low injection levels and can therefore produce large changes in gain 
at low currents. At high injection levels, the base current spreads away 
from the center to the periphery of the base due to the transverse voltage 
developed across the base spreading resistance and hence is affected more 
by conditions at the surface. 
recombination-generation sites that increase the probability of recom- 
binations in the base. 
inducing a channel, the concentrations of majority carriers on both sides 
of the junction tend to approach the same magnitude, thereby increasing 
the surface recombination velocity. The reverse diffusion component IrJ 
becomes large and emitter efficiency drops off, thus reducing hFE. 

For convenience the effects of the various base current components 
of hFE at both low and high injection levels are analyzed in the form 
of the reciprocal hFE so that the base currents appear in the numerator. 
At low injection, reciprocal gain can be written: 

IRB increases because of the surface 

A s  radiation-induced charge builds up in the oxide 

gain 
f rom 

h~~ IC IC 
I 
I 

(3 1) 

The influence of the radiation-induced ICH and IsRG components on 
w a s  determined by subtracting the leakage current component I 
the gain measurements and eliminating it from the gain expression, 

. 

CBO 

uation ( 3 . 1 ) .  Leakage current changes were studied separately by inde- 
In this way the damage mechanisms pendent leakage current measurements. 

affecting gain and leakage current were isolated and studied independently. 
-. Lne radiation-affected components are separated from the nonaffected 

ones by 

- =  1 ' B O  + ISRG + ICH 

h~~ IC 

where IBO is the sum of base current components, excluding ICBO, of 
equation (3.1) that are unaffected by changes in the surface properties. 

At high injection, ICH and ISRG are small and can be ignored. 
l/hFE at high injection can therefore be written from equation ( 3 . 1 )  as 
follows : 

( 3 . 3 )  



I 

I 

I 
I 

I 

1 
I 
I 
I 
I 
t 

I 
1 
I 
I 
I 

i 

t 

where IBo is as defined above and IdD and IsRB are surface components of 
1; and I=, respectively, which are affected by ionizing radiation. 

Increases in are a result of channel currents and surface 
recombination-generation currents at the base-collector junction. The 
reverse-biased junction has a reduced carrier concentration because of 
the bias, and the p material is more easily inverted with positive charge 
buildup in the oxide. Channel formation by inversion occurs in the sur- 
face region where the ncmber of generation sites is relatively large due 
to the imperfect chemical structure at the Si02-Si interface region. 
the ICH and ISRG components are readily enhanced. Figure 4-6 shows a 
comparison of the ICBO characteristics of two 2N1613 transistors as a 
function of radiation time. The relatively poor interface region with 
more generation sites in transistor 8 is evidenced by the fact that ICEO 
is two decades larger in transistor 8 than in transistor 15 at an exposure 
of 4 6 x 104R. 

Thus 

3 .3  IDENTIFICATION OF DAMAGE MECHANISMS 

The excess current components that occur as a result of surface 
damage have characteristics that vary exponentially with forward emitter- 
base bias voltage VBE as follows: 

q 'BE 
n kT ( 3  4 )  I a e  

The factor nis a slope constant which takes on different values depending 
upon which damage mechanism is 
fore a very useful detector of the dominant mechanism; however, since 
several damage mechanisms can affect transistor electrical parameters 
simultaneously, the factor does not provide a quantitative measure of 
each damage mechanism. 

Theoretical values of nwhen the ISRG component is dominant are 
1 < n < 2 .  Typtical values ofn observed for ISRG in this program were 
1.3 < < 2 .  When ICH is the dominant component, n> 2. n values were 
used-extensively in this program to identify the ICH component qualita- 
tively because the changes were large and easily detectable. The slope 
constant must be used with care however, because it is not precise. 

slopes of the excess base current a I g  curves as a function of VBE. 
Curve 1 of the figure shows a characteristic dominated by ICH, easily 
identifiable because n >  3 . 7 .  
which implies that ISRG is the dominant component. 

3 * 3 .  The factor n is there- 

The damage mechanisms are easily identified ir. Figure 3-2 by the 
. 

Curve 2 shows a characteristic with n = 2, 
Observe that for 
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Figure  3-2 - Gain degradat ion produced by a reverse-biased 
c o l l e c t o r  base j u n c t i o n  during i r r a d i a t i o n  
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Figure  3-3 -. Effec t  of bias on cu r ren t  g a i n  
degrada t ion  c h a r a c t e r i s t i c s  



normal bulk diffusion, equation ( 3 . 4 )  still applies andn.= 1. The curve 
for IC in Figure 3-2 shows this relationship. 
surface base current effects are apparent in the upward swinging hook 

vs IC characteristic in Figure 3-3. shape of the A - 

At high injection levels, 

1 

h~~ 

3 . 4  EXPERIMENTAL DETECTION OF THE DOMINANT DAMAGE MECHANISMS 

The amount of hFE degradation attributed to ionizing radiation 
induced surface effects is readily determined from the difference in 
l /hFE prior to and following a dose of radiation. 
rocal gain, hence damage, due to radiation is 

The change in recip- 

where 

hFEO = initial value of h and FEY 

hFE(+) = value of hFE after dose 4 .  

A s  mentioned in Section 2 . 3 . 2 ,  the low level h tester used in 
this program maintains constant measurement current P,",  subtracts ICBO, 

.I I and displays values of l/h directly. The amount of damage A - is 
FE h~~ 

then readily obtained from a hand or computer subtraction of post and 
pre irradiation values of l/h (Refer to Section 6 . 2 . 1 . )  FE 

Detection of the dominant damage mechanism by experimental methods 

is gccem~lished hy p l o t t i n g  A - as a function of I, to obtain the slope 
c, 

h~~ - l c I  

constant n . Mathematical and empirical studiesJoL have indicated that 

( 3 . 6 )  

vs IC characteristic plots linearly on logarithmic paper over The A - 
almost five decades as shown in Figure 3-3; hence [ z  - 1) may be taken 
directly from the plot as the slope of the linear portion of the charac- 
teristic. 
values of nwere calculated by a digital computer program that fitted a 

1 

h~~ 1 

To reduce the large volume of data obtained in the experiment, 
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. 
vs I data by the method straight line to the linear portion of the A - 

of least squares approximation f o r  each increment of damage being inves- 
tigated. 
lines to the exponent in equation ( 3 . 6 ) .  

C h~~ 

n values were then computed by equating the slope of the computed 

ICBO changes were obtained by straightforward leakage current 
measurements. 
not available as in the case of hFE degradation. 
w a s  not observed in the Si02 passivated transistors as has been reported 
for nonpassivated transistors subjected to ionizing radiation. 

surface oxide is sufficient to cause inversion of bulk material with a 
subsequent extension of a junction, t h e  junction capacitance increases 
due to the increased surface area and decreased space charge width. In 
some transistors, notably the 2N1613, junction capacitance changes were 
very large and were very good channel indicators. 
tance was frequently observed t o  increase by l o o % ,  from approximately 
50 to 100pF, and emitter-base capacitance to increase by 20%, from approxi- 
mately 62 to 75pF, when transistors were subjected to ionizing radiation 
with a reverse bias across the collector-base junction. n values during 
these capacitance excursions were greater than 2 ,  indicating that channels 
existed. In some transistors, capacitance changes-during channel forma- 
tion were too small to measure accurately with the available impedance 
bridge. 
but the converse is not always true, i.e., a channel is not always 
accompanied by a measurable increase of junction capacitance. 

Techniques for determining the dominant mechanism were 
Catastrophic leakage 

In Section 3.1, it is shown that when the charge buildup in the 

Collector-base capaci- 

Thus, capacitance increases are good indicators of channel buildup, 
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SECTION 4 

RADIATION INDUCED DAMAGE AND STRESS RELATIONSIPS 

. 
As discussed in prior sections, electrical parameters of transistors 

are degraded by exposure to an ionizing radiation field. 
itself is a stress on the transistor and the transistor's physical and 
electrical properties change as a result of the stress, Additionalstresses 
in the form of various electrical biases and/or different ambient media 
applied to the transistor in conjunction with the irradiation cause dam- 
age to build up at differing rates, with different damage mechanisms domi- 
nating. These stress combinations of electrical bias and radiation are 
referred to as bias-radiation stresses. Relationships between these 
stresses and the resulting damage are presented in this section. 

The radiation 

4.1 RECOVERY 

Damage removal, or device recovery, was studied as part of theinvesti- 
gation of damage as a function of applied stress. 
devices to their initial conditions permits testing single devices under 
a variety of stress conditions, thereby eliminating any influence on the 
comparative results by variations among devices. 
recover irradiated 2N1613 test transistors to their initial conditions 
using bias-radiation, bias-radiation-temperature, and high temperature 
stresses. Table 4-1 summarizes the stresses used and the results of the 
recovery experiments. Combinations of radiation and bias stress (items 1 
and 2 of Table 4-1) apparently caused the transistors to return to their 
preirradiation conditions as indicated by reductions of hFE and ICBO to 
preirradiation values. However, reirradiation of transistors recovered 
by these techniques induced damage buildup at rates different from the 
originai damage build up ia tcs .  
transistors with reverse biased junctions and decreased in transistors 
with no bias and forward biased junctions. This damage "memory" indicates 
that the transistors were not fully recovered, that the effects of ioni- 
zation were not fully equilibrated during the recovery attempts. 

High temperature stress proved to be effective in returning 2N1613 
transistors (items 3 and 4 of Table 4-1) to preirradiation conditions. 
This was substantiated by reirradiating 2N1613 devices at the same con- 
ditions and comparing damage response as a function of dose. That the 
rate of damage removal is a function of prior bias-radiation stress his- 
tory is shown in Figure 4-1. Low level hFE damage (damage measured at 
low levels of collector current is more stable when induced with an active 
bias during irradiation. Damage induced in devices having reverse-biased 
junctions during irradiation is more unstable than damage induced in trans- 
istors irradiated passively or with forward biased junctions only. 
Forward-biased junctions in ionizing radiation induce the most stable 
surface damage. 

Recovery of irradiated 

Attempts were made to 

The dzrzge h ~ i l d u p  rate increased in 

/ 

7 



Recovery S t r e s s  

1 (a) X r a y  ( 5  x l o5  R/hr)  
Forward b i a s e d  e m i t t e r - b a s e ,  
IC = 100 mA 

(b) Forward b i a s e d  e m i t t e r - b a s e ,  
IC - 100 mA 

2 (a) X r a y ,  Forward b i a s e d  emitter 
and  c o l l e c t o r ,  IE = 100 m ~ ,  
IC = 100 mA 

c o l l e c t o r ,  IE - 100 mA, 
IC - 100 mA 

(b)  Forward b i a s e d  e m i t t e r  and 

( c )  270°C bake  ( a c c e l e r a t e d  a g i n g )  

Tempera tu re  r e c o v e r y - s t e p  stress, 
d e t a i l s  o f  t!me and t e m p e r a t u r e s  
shown i n  F i g u r e  4 -1  

Tempera tu re  r e c o v e r y :  320°C. 
A l t e r n a t e  p e r i o d s  of bias-X r a y  
stress oE 10 h o u r s  t o  fndrlce 
danrogc attd t empern t r t r e  r e c o v e r y  
p e r i o l l s  

Experiments showed that the more unstable damage induced by reverse 
bias-radiation stresses could be completely annealed by 3OO0C stress for 
one-half hour; however, other bias-radiation conditions induced damage 
that required up to five hours at this temperature for complete recovery. 
Stressing all of the transistors at 300 to 3 B o C  for a period of five 
hours had no apparent detrimental effects and proved very effective in 
removing X-ray induced damage from all Si02 passivated planar devices 
tested and in producing hFE and ICBO characteristics equal to or better 
than those prior to irradiation. - 

T i m e  R e s u l t s  ( h r s )  

Apparent  r ecove ry  t o  i n i t i a l  
c o n d i t i o n s ;  damage r e p e a t -  
a b i l i t y  poor  on r e i r r a d i a t i o n .  
Recovery n o t  complete  

24 

24 

24 

Apparent  r ecove ry ;  
r e p e a t a b i l i t y  f a i r  t o  good 

24 on r e i r r a d i a t i o n  

3 

R e p e a t a b i l i t y  e x c e l l e n t  
Complete r ecove ry  

15 Complete r e c o v e r y ;  

63 s t r e s s e s  of 5 hours  

5 R e p e a t a b f l i t y  e x c e l l e n t  on 
r e i r r a d i a t i o n  a f t e r  t e m p e r a t u r e  1 /2  

1/12 
1/60 

This high temperature stress was used for device recovery in the 
series experiments of Phase I and in all Phase I1 experiments. 

Ionizing radiation apparently sets up conditions that are non- 
equilibrium in nature under normal circumstances. 
source is removed, the transistor seeks its preirradiation equilibrium 

When the radiation 

/ 



. .  . .  

! 

f 80 

60 
4 
I 
4 

40 'i 0 

( 0 )  lrrodioted With o bios of  VcB = 12 V, IE = 0; @ . 10' 

(Reverse Collector - Bose Junction)  

In 
Io 
L 

a 

I- 
z 
w 20 
U oc 
W - 

n '? 0 

v) 
oc 
I 
v) 

f 
I 
0 
m 
oc U 

" 2  IL 

Y o  U 

G m 
0 
N 

0 

In 

I (b) lrrodioted Passive;  10 R 

100 T 

(Irrodioted Active) 

Figure  4-1 - Effect of temperature stress 
damage on hFE removal 

4-3 



. . . -.* 

condi t ions .  This  i s  evidenced by s h e l f - l i f e  anneal ing which, i n  one 
i n v e s t i g a t i o n  produced an  average of 20% recovery i n  1 4  t r a n s i s t o r s  i n  
200 days. 4 *  High temperature  stress a c c e l e r a t e s  recovery by producing 
cond i t ions  n e a r  t h e  s i l i c o n - s i l i c o n  d ioxide  i n t e r f a c e  t h a t  a l low f a s t e r  
equi l ibr ium.  

Phase I1 d a t a  obta ined  from mesa and a l l o y  j u n c t i o n  devices  i n d i c a t e  
t h a t  t h e  high temperature  recovery i s  ev iden t ly  not  e f f e c t i v e  f o r  non- 
p l ana r  t r a n s i s t o r s ;  i n  f a c t ,  some of these  t r a n s i s t o r s  were degraded 
f u r t h e r  by t h e  bake. 

4.2 BIAS EFFECTS ON RADIATION DAMAGE 

Figure  4-2  shows t y p i c a l  hFE damage c h a r a c t e r i s t i c s  f o r  a S ing le  
2N1613 t r a n s i s t o r  subjec ted  t o  a s e r i e s  experiment of seven cyc le s  of 
b i a s - r ad ia t ion  and recovery stresses. 
problems a s soc ia t ed  wi th  d i f f e r e n c e s  i n  device  
The seven b i a s  condi t ions  i n v e s t i g a t e d  were: 

S e r i e s  t e s t i n g  was used t o  avoid 
s e n s i t i v i t y  t o  stress. 

(1) pass ive  

( 2 )  VCB = +12v 

(3 )  VCB = +6V 

( 4 )  VCB = +50V 

( 5 )  Active: VCB = +6V, IE = lomA 

( 6 )  Sa tu ra t ion :  IC = 1 W ,  = 2 m ~  

(7) VEB = +3v 

Each b i a s - r ad ia t ion  condi t ion  was followed by a recovery pe r iod  p r i o r  t o  
t h e  subsequent bias-ra-diat ion per iod .  

The measurement c u r r e n t  s e l e c t e d  f o r  demonstration purposes was 
.IOOI.IA because t h e  damage, which is measurement-current s e n s i t i v e ,  i s  
s u f f i c i e n t l y  pronounced t o  be s t u d i e d  a t  t h a t  c u r r e n t .  
The 100pA c u r r e n t  l e v e l  i s  w i t h i n  t h e  l i n e a r  po r t ion  of t h e  damage char- 
acterist ic,  as shown i n  F igure  3 - 3 ,  and is  w e l l  s u i t e d  t o  d i s p l a y  dominant 
low level  damage mechanism components ( e i t h e r  ICH o r  IsRG). 

-- (See Sec t ion  4 . 3 )  

Figure  4-2 i l l u s t r a t e s  that reverse  b i a s  on e i t h e r  j u n c t i o n  during 
i r r a d i a t i o n  r e s u l t s  i n  g r e a t e r  t o t a l  damage than forward b i a s  only  ( sa tu-  
r a t i o n  cond i t ion )  o r  no b i a s  (pas s ive  condi t ion) .  Also bui ldup of damage 
a t  low doses  i s  more r ap id  i n  devices  with reverse-biased j u n c t i o n s ,  wi th  
t h e  more gradual  damage bui ldup i n  t r a n s i s t o r s  wi th  forward b i a s  o r  no 
bias.  The s t r o n g  e f f e c t  of a reverse-biased co l l ec to r -base  j u n c t i o n  can 
be s e e n  from a comparison of t h e  s a t u r a t i o n  and active b i a s  responses  wi th  
t h e  same emit ter-base forward b i a s .  When t h e  co l l ec to r -base  j u n c t i o n  is 
reve r se -b ia sed ,  damage bui ldup is  considerably g r e a t e r  than f o r  t h e  pas- 
sive (no b i a s )  case ;  and when t h e  co l lec tor -base  j u n c t i o n  i s  forward- 
bia,sed, t h e  damage is  less than  f o r  t h e  pas s ive  case.  

h"l :: * 
. .*? 
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F i g u r e  4-2 - E f f e c t s  of b i a s  during i r r a d i a t i o n  on low c u r r e n t  hFE 
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The a c t i v e  b i a s  c h a r a c t e r i s t i c ,  i.e., g a i n  damage wi th  t h e  emitter- 
base j u n c t i o n  forward-biased and the  co l l ec to r -base  j u n c t i o n  reverse-  
biased (normal a m p l i f i e r  mode), shows t h a t  a t  low doses  r eve r se  b i a s  on 
t h e  c o l l e c t o r  base  j u n c t i o n  dominates i n  damage bui ldup and t h a t  a t  h igher  
doses t h e  forward b iased  emit ter-base j u n c t i o n  a t t e n u a t e s  damage buildup. 
This  may be seen  by comparing t h e  response f o r  V C ~  = +6V wi th  t h e  response 
f o r  active b i a s  and no t ing  t h a t  t h e  two responses  t r a c k  c l o s e l y  a t  low 
doses and s e p a r a t e  as dose inc reases .  
j u n c t i o n s  had t h e  same r e v e r s e  b i a s  i n  both cases. 

Note a l s o  t h a t  t h e  co l lec tor -base  

h E  i s  p r i m a r i l y  dependent upon p r o p e r t i e s  of t h e  emitter and base 
reg ions  and t h e i r  j u n c t i o n .  
base j u n c t i o n  causes t h e  most s i g n i f i c a n t  hFE degradat ion i m p l e s  t h a t  
cond i t ions  e x t e r n a l  t o  t h e  wafer  a f f e c t  t h e  degrada t ion  because t h e r e  i s  
n o a p p a r e n t  i n t e r n a l  process  by which the  co l l ec to r -base  b i a s  can a f f e c t  
t h e  emit ter-base junc t ion .  
i n  t h e  g a s  ambient surrounding t h e  t r a n s i s t o r  cause ions  produced by r ad i -  
a t i o n  t o  accumulate on t h e  s u r f a c e  of t h e  oxide  and thus  bu i ldup  a posi-  
t i v e  charge over  t h e  base  and e m i t t e r  r eg ions  r e s u l t i n g  i n  dep le t ion  of 
t h e  p-type region.  
t h e  p o s i t i v e  charge bui ldup on t h e  oxide s u r f a c e  and hence t h e  g r e a t e r  

r eve r se  b i a s e s  on t h e  co l l ec to r -base  (+50V) r e s u l t e d  i n  a smaller magni- 
tude  of damage than  less b i a s  (+12V). 
seeming paradox is  included i n  t h e  d i scuss ion  of t h e  model i n  Sec t ion  5. 

i r r a d i a t l o n  are shown i n  F igu re  4-3. 
similar  t o  t h a t  of hFE degradat ion.  However, r eve r se  b i a s  on t h e  emitter- 
base j u n c t i o n  i s  n o t  as e f f e c t i v e  i n  producing ICBO degradat ion as r e v e r s e  
c o l l e c t o r  base  b i a s  i n  producing hFE degradat ion.  

The f a c t  t h a t  reverse b i a s  on t h e  c o l l e c t o r -  

Th i s  suppor ts  t h e  theory t h a t  e l e c t r i c  f i e l d s  

The l a r g e r  t h e  f i e l d s  i n  t h e  ambient gas ,  t h e  g r e a t e r  

c t h e  magnitude of damage bui ldup.  I t  should be noted,  however, t h a t  l a r g e r  

A p o s s i b l e  explana t ion  f o r  t h i s  

ICBQ damage bui ldup  c h a r a c t e r i s t i c s  as func t ions  of b i a s  during 
ICBO damage bui ldup dependency i s  

F igure  4-4 shows a comparison of changes i n  j u n c t i o n  capac i tance  and 
' the  a s s o c i a t e d  degradnt ien  cf h-- 3 - A  T - -  ALfiu I u L  =-- L L - -  L I I L ~ ~ :  d i f f e r e n t  b i a s  con- 
d i t i o n s  du r ing  i r r a d i a t i o n .  The capac i tance  i n c r e a s e s  shown i n  t h e  f i g -  
u r e  can b e  i n t e r p r e t e d  as t h e  in t roduc t ion  of a j u n c t i o n  channel.  
F igure  4-4(a) f o r  t h e  pas s ive  i r r a d i a t i o n ,  hFE degrada t ion  g radua l ly  
i n c r e a s e s  and capac i t ance  CEB remains cons tan t  wi th  dose.  
t h e  r a p i d  hFE degrada t ion  wi th  dose i s  accompanied by an i n c r e a s e  of 
CEB f o r  t h e  r e v e r s e  co l l ec to r -base  b i a s  dur ing  i r r a d i a t i o n .  
can a l s o  b e  observed i n  F igu re  4-&(c) but t o  a l e s s e r  ex ten t  due t o  the  
forward b i a s e d  emitter. I n  t h e  same manner, ICBO b u i l d s  up g radua l ly  
and CCB remains c o n s t a n t  w i th  dose i n  the  p a s s i v e  i r r a d i a t i o n  as shown 
in Figure  4-4(a).  
r a p i d l y  i n c r e a s i n g  CCB w i t h  dose as shown i n  F igure  4-4(b). Thus i t  can 
be observed t h a t  j u n c t i o n  capac i t ances  t h a t  i n c r e a s e  (implying channels)  
are accompanied by more r a p i d  i n c r e a s e s  i n  hFE and ICBO damage than  junc- 
t i o n  c a p a c i t a n c e s  t h a t  remain cons t an t .  Furthermore,  experimental  r e s u l t s  
show t h a t  t h e  changes i n  CCB and CEB occur as a resu l t  of reverse b i a s  

--&h -L-u 

I n  

I n  F igure  4-4(b),  

This  e f f e c t  

- 
A much more r a p i d  inc rease  i n  ICBO is accompanied by 

I 

I 
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on t h e  co l l ec to r -base  iun  t i o n .  Junc t ion  cap i t a n c e  curves i n  Fig- 
u re  4-4 (b) and (c) imply t h a t  t he  reverse-biased co l l ec to r -base  j u n c t i o n  
y i e l d s  e a r l y  (low dose) channel  components t h a t  decay; t h i s  i s  implied 
by t h e  e a r l y  peak i n  t h e  C h a r a c t e r i s t i c s .  This  phenomenon, c a l l e d  chan- 
n e l  r eces s ion ,  is  c h a r a c t e r i s t i c  of p l ana r  Si02 pass iva t ed  n-p-n t r a n s i s -  
t o r s ,  b u t  n o t  of p-n-p t r a n s i s t o r s .  (See Sec t ion  6.2.2). 

F igu re  4-5 shows how t h e  e x i s t e n c e  of a channel i n  t h e  emi t te r -base  
j u n c t i o n  w a s  d e t e c t e d  from changes i n  junc t ion  capac i tance .  Note p a r t i c -  
u l a r l y  t h a t  even though channels  apparent ly  e x i s t e d  i n  both t r a n s i s t o r s  
8 and 15, as evidenced by t h e  increased  j u n c t i o n  capac i tance  ( r e f l e c t i n g  
increased  j u n c t i o n  geometry),  t h e n  va lues  i n d i c a t e  t h a t  t h e  I mechanism 
w a s  dominant on ly  i n  device  8; t h e  shape of t h e n  c h a r a c t e r i s t i c s  f o r  
device  15 impl i e s  t h a t  a low dose channel component ex i s t ed  but  w a s  n o t  
dominant. Th i s  demonstrates  t h e  l i m i t a t i o n  of using n a lone  t o  d e t e c t  
channels .  The capac i t ance  i n c r e a s e s  show t h a t  a channel e x i s t e d  but  ICH 
i s  dominant on ly  f o r  n > 2 ;  hence n i s  a p o s i t i v e  channel i n d i c a t o r  on ly  
when ICH is  dominant. 

e a s i l y  measured bu t  t h e r e  w a s  no apparent  experimental  technique us ing  
t h e  IcBO measurement a lone  t o  demonstrate t h e  dominant mechanism, as i n  
t h e  case of hFE degrada t ion .  
t i f y i n g  a c o l l e c t o r  base  channel  i n  some devices .  F igure  4-6 shows how 
capac i t ance  v a l u e s  r e f l e c t  t h e  ex i s t ance  of channels  i n  t h e  c o l l e c t o r -  
base  j u n c t i o n .  
g r e a t e r  i n  t r a n s i s t o r  8 than in t r a n s i s t o r  15, i n d i c a t i n g  poorer  s u r f a c e  
i n t e r f a c e  s t r u c t u r e  w i t h  more gene ra t ion  s i t e s  i n  t r a n s i s t o r  8. 

CH 

I n c r e a s e s  of ICBO can r e s u l t  from e i t h e r  ICH o r  ISRG. IcBo was 

Cp,c measurements provided a means f o r  iden- 

ICBO a t  low doses ,  when a channel e x i s t s ,  peaks two decades 

4.3 EFFECTS OF MEASUREMENT C0I;DITIONS 

R e s u l t s  of t h e  experiments  performed by i r r a d i a t i n g  2N1613 t r a n s i s t o r s  
and measuring t h e  damage a t  d i f f e r e n t  cu r ren t  l e v e l s  revea led  t h a t  r a t e  
and magnitude of hFE damage bui ldup  is  dependent upon measurement con- 
ditisns, wit5 d i f f e r e ~ t  d m i g e  components dominating a t  d i f f e r e n t  i n j e c -  
t i o n  levels.  F igu re  4-7 i l l u s z r a t e s  t h i s  dependence v i v i d l y .  Damage 
bui ldup  i s  cons ide rab ly  g r e a t e r  and more r ap id  a t  low c u r r e n t s  than  a t  
h ighe r  c u r r e n t s .  The r ap id  r i%e  is  a t t r i b u t e d  t o  ICH, which dominates 
a t  l o w  i n j e c t i o n  levels and d i x i n i s h e s  a t  h ighe r  i n j e c t i o n  l e v e l s .  
a l s o  i s  most e f f e c t i v e  a t  low I e v e l s .  Both ICH and ISRG decrease  i n  v a l u e  
t o  n e g l i g i b l e  q u a n t i t i e s  as i r . f e c t i o n  l e v e l  is  increased .  A l so ,  as i n j e c -  
t i o n  l e v e l  i s  inc reased ,  an e f f e c t  known as base  spreading occurs ,  i n  
which t h e  r e l a t i v e l y  l a r g e  bas:= cu r ren t  produces a vo l t age  g rad ien t  a c r o s s  
t h e  base  region.  Th i s  causes  ::?e base-emit ter  j u n c t i o n  nea r  t h e  s u r f a c e  
t o  have a l a r g e r  forward b i a s  -,.oltage than  t h e  bulk j u n c t i o n ,  diminishing 
emitter e f f i c i e n c y  and i n c r e a s f 2 g  recombination v e l o c i t y  c h a r a c t e r i s t i c s  
of t h e  s u r f a c e ,  
damage as shown in Figure  3-3 -.,-here t h e  l i n e a r  decrease  i n  damage a t  low 
levels i s  due t o  an  compc=-ent and t h e  dish-up a t  h igh  l e v e l s  i s  due 
t o  t h e  base  spreading  e f f e c t .  

ISRG 

A combinatfor. of t h e  low and high l e v e l  e f f e c t s  y i e l d s  
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Figure  4-7 - Current  g a i n  versus  dose a t  d i f f e r e n t  measuring 
c u r r e n t s  f o r  2N1613 t r a n s i s t o r  8 

4.4 EFFECTS OF AMBIENT MEDIA 

of  damage t h e  t r a n s i s t o r  i n c u r s  i n  i t s  normal ambient medium (usua l ly  
d r y  n i t r o g e n  o r  a i r ) .  
age  c h a r a c t e r i s t i c s ,  e i g h t  2N1613 t r a n s i s t o r s  having va r ious  r a d i a t i o n  
h i s t o r i e s  w e r e  recovered and placed i n  g l a s s  envelopes (shown i n  Fig- 
u r e  4-8) which w e r e  evacuated t o  about  
t h e n  i r r a d i a t e d  w i t h  v a r i o u s  e l e c t r i c a l  b i a ses .  

i n  t h e  vacuum appeared t o  be similar t o  those  produced i n  t h e i r  normal 
ambient media, implying t h a t  t h e  IsRG damage component i s  independent 
of t h e  ambient medim of t h e  wafer. 

A l l  of t h e  e f f e c t s  d i scussed  s o  f a r  i n  t h i s  r e p o r t  are a t t r i b u t e s  

To determine t h e  e f f e c t s  of dry n i t r o g e n  on dam- 

Torr. The t r a n s i s t o r s  were 

Damage bui ldup  f o r  forward-biased and pass ive  t r a n s i s t o r s  i r r a d i a t e d  
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Figure 4-9 - l/hFE and I C ~  versus dose for normal and evacuated 
ambient media for 2N1613 transistors 36 and 40 
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To amplify t h e  e f f e c t s  of r eve r se  b i a s  condi t ions  i n  a vacuum, one 
t r a n s i s t o r  w i t h  r e l a t i v e l y  good t o l e r a n c e  and another  t h a t  w a s  e x t r c d y  
s e n s i t i v e  t o  r a d i a t i o n  were recovered and sub jec t ed  t o  b i a s - r ad ia t ion  
stresses i n  vacuum. F igure  4-9 shows t h a t  removing t h e  ambient gas 
decreased t h e  e a r l y  hpE and ICBO damage bui ldup i n  both devices .  For 
t r a n s i s t o r  36, t h e  damage response curves become asymptot ic  a t  l a r g e  
doses ,  i n d i c a t i n g  t h a t  only t h e  e a r l y  damage a t t r i b u t e d  t o  channeling 
is  reduced by vacuum. 

p i e r c i n g  t h e  encapsula t ing  cans of type 2N1711 (a  high g a i n  2N1613) 
t r a n s i s t o r s  aboard an experimental  payload p r i o r  t o  p l ac ing  them i n  
o r b i t  i n  t h e  Van Al len  b e l t s .  Evacuated and normal devices  were i n  space 
r a d i a t i o n  f o r  100 days (%lo R) wi th  an active b i a s  of VCE = l O V ,  IC = 
0.5mA. 
100 days,  s o  t h a t  t h e  devices  were pas s ive  during i r r a d i a t i o n  f o r  the  
remainder of  t h e  mission. 
evacuated u n i t s  exh ib i t ed  much less damage than  normally encapsulated 

d i f f e r e n c e  i n  damage between vacuum and gas  ambient no longer  ex is ted .  
These d a t a  are i n  b a s i c  agreement wi th  those  observed f o r  X-rays, where 
vacuum reduced the e a r l y  channel component i n  devices  wi th  a r eve r se  
co l l ec to r -base  b u t  had l i t t l e  in f luence  on devices  i r r a d i a t e d  pass ive ly -  

some of  t h e  t r a n s i s t o r s  were subjec ted  t o  b i a s - r ad ia t ion  stress i n  a i r *  
Damage bui ldup  i n  a i r ,  a l though g r e a t e r  than  damage induced i n  a vacuum, 
w a s  less than  t h e  damage induced i n  t h e  normal t r a n s i s t o r  ambient medium. 
The reason  fo r  t h i s  unexpected r e s u l t  is  unknown. 

Hogrefe4 r epor t ed  on an irradiation-vacuum t e s t  accomplished by 

5 
Due t o  s o l a r  cel l  degrada t ion ,  t h i s  b i a s  had t o  be removed a f t e r  

Hogrefe r e p o r t s  t h a t  during t h e  f i r s t  100 days 

w h i l e  a f t e r  s e v e r a l  hundred days4'  of pas s ive  i r r a d i a t i o n  the  

Following several r a d i a t i o n  and recovery stress cyc le s  i n  vacuum, 

4.5' EFFECTS OF DOSE RATE 

S e r i e s  t e s t i n g  of several 2N1613 t r a n s i s t o r s  a t  5 x 105R/hr, 5 X 

104R/hr, and 5 x 103R/hr ind ica t ed  t h a t  damage bui ldup is ,affected by 
dose rate. 

w a s  used du r ing  t h e  r a t e  tests. The e f f e c t s  of t h i s  extreme b i a s  may 
have masked t h e  dose rate e f f e c t s  by i n v e r t i n g  t h e  p material  beneath 
t h e  base  wi thou t  r e q u i r i n g  charge mig ra t ion  through t h e  oxide.  
phenomenon i s  d i scussed  i n  Sec t ion  5. 

No conclus ions  could be  drawn, however, because of t h e  
incons i s t ency  of che efiects.'e4 n - - - - - - - A  L S V E L J C .  LwA-h----- - * l l a f i t n ~  h a s p  ---- h i a q  _ - _ -  of +50V 

This  

4.6 EFFECTS OF TEFPERATURE DURING MEASUREMENT 

An i n v e s t i g a t i o n  w a s  made t o  determine t h e  magnitude of t h e  damage 
tempera ture  c o e f f i c i e n t ,  i f  any. 
measurement of h m  damage i n  2N1613 t r a n s i s t o r s  i r r a d i a t e d  under va r ious  
b i a s  cond i t ions .  Resu l t s  show t h a t  t h e  temperature  c o e f f i c i e n t  of damage 
is a f u n c t i o n  of t h e  measuring c u r r e n t ,  t h e  b i a s  used dur ing  i r r a d i a t i o n ,  
and t h e  dose. 
as a f u n c t i o n  of  c o l l e c t o r  c u r r e n t  i n  t r a n s i s t o r  8 be fo re  i r r a d i a t i o n  
and a f t e r  several series tests wi th  v a r i o u s  b i a s e s  and doses.  

The temperature  w a s  v a r i e d  during '  

F igu re  4-19 shows t h e  temperature  c o e f f i c i e n t  of damage 

Figure 4-11 
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F i g u r e  4-10 - Temperature c o e f f i c i e n t  of hFE degrada t ion  f o r  
2N1613 t r a n s i s t o r  8 

10-4 

F i g u r e  4-11 - Temperature c o e f f i c i e n t  of hFE degrada t ion ,  comparison 
of 2N1613 t r a n s i s t o r s  8 and 1 5  



I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

. .  . '  I 

gives a comparison of the temperature coefficient of damage for transistors 
8 and 15 before irradiation and after irradiation at low and high doses 
in an active mode. Note that after small doses the temperature coefficient 
for active devices increases significantly and is extremely sensitive to 
collector current,whereas after large doses, it dvcreases significantly. 

4.7 COMPARISON OF TEMPERATURE AND IONIZING MIA'I'ION INDUCED DAMAGE 

bias stresses for the purpose of comparing high-tcmperature and ionizing- 
radiation induced damage. 
the largest amounts of damage in irradiated transJstors. 
stress induced very little damage in the transistors until they were 
reverse-biased to breakdown; the damage induced tlben was permanent,unlike 
the easily annealed ionizing-radiation-induced darnage. 
could be made between the temperature and radiation induced damage, however, 
because the amount of annealable damage produced tiy the reverse-bias high 
temperature stress was insignificant. 

Damage was induced in 2N1613 transistors using various high tempera- 

Reverse biases were usvd since they produce. 
Temperature 

NO correlation 

. 
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The foregoing results, 

SECTION 5 
DAMAGE MODEL. 

rhich constituted Ph I f the program, were 
sufficient for developing theories concerning the nature of .damage build- 
up. These theories are presented in the form of a damage model. 

The first model to explain leakage current and gain changes in bipolar 
transistors was proposed by Peck et al5o1 based on studies of exposure 
to ionizing radiation of silicon mesa transistors which were not Si02 
passivated. hFE and ICBO degradation, according to this model are due 
to surface channels produced by an accumulation of charged ambient gas 
ions on the device surface. 
tor surfaces by electric fields produced when the device is electrically 
biased. 
passivated devices, suggesting that actual deposition of gas ions on the 
oxide surface does not occur, but that instead ions traveling very close 
to the surface give up their charge to oxide surface "sites." 

effects on MOS structures have shown the existence of a second mechanism 
for surface degradation--migration of charged species in the Si02 insulat- 
ing layer when an electric field is applied across the oxide layer. 
of these mechanisms results in an accumulation of space charge over sili- 
con, altering the surface potential of the semiconductor. This change in 
silicon surface properties is usually manifested by enhancement, depletion 
or inversion of surfaces, changes in surface recombination velocity, and 
changes in p-n junction characteristics. 

dominate& f o r  silfcer? p l z n n r  bipolar transistors. Hughes5* concludes, 
from Co-60 irradiations of normal and evacuated 2N280l p-n-p transiscors, 
that ionizing radiation surface effects occur as a result of drift of 
mobile space charge in the Si02 layer and not as a result of conditions 
external to the wafer. 
reports that normal 2N1711 n-p-n planar transistors irradiated in the . 
Van Allen belts suffered considerable l o s s  of gain, while devices evacu- 
ated by piercing the encapsulating can suffered almost no gain l o s s  after 
100 days in orbit (%105R). 
of these surface effects for planar transistors. 
gation has shown that proper choice of dose, bias during irradiation, and 
measurement conditions could lead to either of these conclusions. 

These gas ions are attracted to the transis- 

A more recent inve~tigation~'~ modifies this model for Si02 

Several  investigation^^'^, 5 * 4 ,  5*5, 5 * 6  of ionizing radiation 

Either 

Investigators hold opposing views as to which of the above mechanisms 

Stanley5*8 concurs with this conclusion. H O g ~ f e ~ * ~  
- ~ 

He concludes that gas ionization is a cause 
Phase I of this investi- 

The following discussion of the model considers two categories of 
bias conditions during irradiation: one with passive or forward-biased 
junctions, which produce no electric fields in the gas ambient; and the 
second with a reverse bias on at least one of the device junctions, which 
produces significant electric fields in the gas ambient. 

/ 



5.1 PASSIVE OR FORWARD BIAS DURING IRRADIATION 

c 

I n  t h e  f i r s t  case ,  where both  j u n c t i o n s  are e i t h e r  pas s ive  o r  forward- 
b iased ,  gas  i o n  c o l l e c t i o n  on t h e  oxide s u r f a c e  i s  u n l i k e l y  s i n c e  t h e  
ambient has  no s i g n i f i c a n t  e l e c t r i c  f i e l d ,  
occur ,  however, i n  t h e  Si02 l a y e r  d i r e c t l y  over  a j u n c t i o n ,  caused by 
t h e  f r i n g i n g  f i e l d  due t o  t h e  j u n c t i o n  t r a n s i t i o n  reg ion  p o t e n t i a l .  The 
p o l a r i t y  of t h i s  p o t e n t i a l  i s  such t h a t  a p o s i t i v e  mobile charge mig ra t e s  
l a t e r a l l y  i n  t h e  oxide  toward t h e  p s ide of t h e  j u n c t i o n ,  and/or  a nega- 
t i ve  charge mig ra t e s  toward t h e  n s i d e .  
reduces t h e  s i l i c o n  s u r f a c e  p o t e n t i a l  near  t h e  junc t ion ,  which causes  t h e  
j u n c t i o n  t r a n s i t i o n  reg ion  t o  widen a t  t h e  Si02 i n t e r f a c e  and the  s u r f a c e  
recombination v e l o c i t y  t o  increase .  
and s u r f a c e  recombination v e l o c i t y  enhance the  ISRG component. The high 
c u r r e n t  hFE component i s  a l s o  enhanced by the  base reg ion  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t y  and by the  i n j e c t i o n  which occurs  nea r  t h e  su r face .  3 - 2  
The oxide charge migra t ion  and r e s u l t a n t  j u n c t i o n  widening reduce t h e  
j u n c t i o n  f r i n g i n g  f i e l d s ,  which d e c e l e r a t e s  t h e  process  and even tua l ly  
produces a s a t u r a t i o n  condi t ion .  
ward b i a s  n-p-n devices  i n d i c a t e  t h a t  t h i s  i s  a slow process  and t h a t  i t  
does i n  f a c t  produce damage c h a r a c t e r i s t i c  of IsRG. 
produce less damage than  pass ive ,  as expected, s i n c e  t h e  forward b i a s  
reduces t h e  j u n c t i o n  t r a n s i t i o n  r eg ion  vo l t age ,  which i n  t u r n  reduces 
t h e  f r i n g i n g  f i e l d  i n  the  oxide. 

Space charge migra t ion  can 

This  type of space charge bui ldup 

The i n c r e a s e s  i n  j u n c t i o n  geometry 

I r r a d i a t i o n  tests of pas s ive  and fo r -  

Forward b i a s  j u n c t i o n s  

5.2 REVERSE BIASED COLLECTOR-BASE DURING IRRADIATION 

n-p-n t r a n s i s t o r s  i r r a d i a t e d  wi th  a r e v e r s e  b i a s  on t h e  c o l l e c t o r -  
base  j u n c t i o n  develop an I component i n  base c u r r e n t  which i n c r e a s e s  cr! r a p i d l y  dur ing  e a r l y  r a d i a t i o n  exposure,  accompanied by an  inc rease  i n  
CBE and a n n  i n  excess  of 2. Since t h e  co l l ec to r -base  f r i n g i n g  f i e l d  
is t o o  f a r  from t h e  base-emit ter  j u n c t i o n  t o  e x e r t  a s t rong  in f luence ,  
t h e  gas  i o n  model i s  included i n  t h e  explana t ion  of t h i s  behavior.  
1LT0, 5-1 A?...<-+-- CL - - 3 - l  & -  

UbpACL3 L l e  ~ I U U ~ L  LV be discussed. 
Fig- 

A reverse col lec tor -base  b i a s  produces an e lec t r ic  f i e l d  i n  t h e  gas  

t o  t h e  Si02 su r face  over  t h e  base reg ion  
sur rounding  t h e  device  wafer. For n-p-n t r a n s i s t o r s  t h i s  f i e l d  a t t r a c t s  
p o s i t i v e l y  charged gas  i o n s 5 * I  
[See F i g u r e  5 - l ( a ) l ,  and t h e s e  ions  g ive  up t h e i r  p o s i t i v e  char  e t o  
Si02 s u r f a c e  "sites" by a t t r a c t i n g  e l e c t r o n s  from t h e s e  sites5*' [See 
F igure  S - l ( b ) l .  
can account  f o r  t h e  s e n s i t i v i t y  of damage t o  co l lec tor -base  b i a s  and, 
i f  t h e  s p a c e  charge d e n s i t y  is  g r e a t  enough, exp la in  t h e  c r e a t i o n  of a n  
i n v e r s i o n  l a y e r  o r  channel over  t h e  base region8 
h a s  a base  reg ion  oxide th i ckness  of from 4000 A t o  6000 B,  and t h e  base  
s u r f a c e  carrier concent ra t ion  ranges from 2 x 1018 cm-3 t o  5 x 1018 cm-3. 
The p o t e n t i a l  requi red  ac ross  t h e  oxide a t  t h e  onse t  of i nve r s ion  f o r  t h e  
above dimensions ranges from 22 v o l t s  t o  54  volt^.^*^ The vo l t age  a c r o s s  
the ox ide  l a y e r  due t o  gas  charging the Si02 s u r f a c e  can  be no g r e a t e r  

. 

This  p o s i t i v e  space  charge over  t h e  base  reg ion  s u r f a c e  

The F a i r c h i l d  2N1613 

- 

"1 
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ATTRACTION OF P O S I T I V E  GAS IONS TO BASE A N 0  EMITTER REGIONS 
B Y  REVERSE COLLECTOR-BASE B I A S  
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Figure  5-1 - Model of i o n i z i n g  
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than t h e  v o l t a g  ap p 1 i e d  t t h e  o l l ec to r -base  junc t ion .  Since VcB = 6v 
produces s i g n i f i c a n t  channels ,  space  charge migra t ion  i n  t h e  oxide must 
be included t o  e x p l a i n  t h e  channel.  

Mobile charge s p e c i e s  c r e a t e d  by ion iz ing  r a d i a t i o n  i n  Si02 migra te  
under t h e  i n f l u e n c e  of an e l e c t r i c  f i e l d ,  as evidenced by the  r e s u l t s  of 
i on iz ing  r a d i a t i o n  s t u d i e s  of MOS s t r u c t u r e s .  I n  t h e  case of t h e  MOS 
device ,  t h e  e l e c t r i c  f i e l d  i s  c r e a t e d  by t h e  app l i ed  g a t e  b i a s ;  whi le  i n  
t h e  b i p o l a r  t r a n s i s t o r ,  t h e  f i e l d  i s  due t o  an accumulation of ox ide  sur-  
f a c e  charge.  However, t h e  space  charge migra t ion  processes  w i t h i n  the  
oxide and t h e  e f f e c t s  on t h e  s i l i c o n  beneath t h e  Si02 are s imi l a r  f o r  
both device  types.  The migra t ing  charge species, e i t h e r  p o s i t i v e l y  
charged, n e g a t i v e l y  charged, o r  bo th ,  produce a n e t  p o s i t i v e  space charge 
d r i f t  toward t h e  SiOz-Si i n t e r f a c e  [See F igure  5 - l ( c ) ] .  
an inc reased  e lectr ic  f i e l d  i n  t h e  oxide nea r  t h e  i n t e r f a c e  and inve r s ion  
of t h e  p-type base  r eg ion  beneath t h e  i n t e r f a c e  [See F igure  5 - l (d ) ] .  
model i s  s i m i l a r  t o  t h a t  proposed by Grove and f o r  an MOS device ,  
where e lec t ron-hole  p a i r s  a r e  generated by i o n i z i n g  r a d i a t i o n .  
e l e c t r o n s  from t h e s e  p a i r s  mig ra t e  toward the  p o s i t i v e  s i d e  of t h e  oxide  
leaving  ho le s  t rapped nea r  t h e  nega t ive  s i d e .  

f o r  channel  format ion ,  i t  cannot exp la in  t h e  observed behavior of n-p-n 
t r a n s i s t o r s  s i n c e  i t  provides  no means of removing t h e  channel a t  l a r g e  
doses.  Th i s  apparent  r educ t ion  of p o s i t i v e  space charge a t  l a r g e  doses 
sugges ts  a t r a n s f e r  of charge a c r o s s  the SiOz-Si i n t e r f a c e .  
of e l e c t r o n s  from s i l i c o n  a c r o s s  t h e  SiO2-Si i n t e r f a c e ,  a6 d iscussed  by 
W i l l i a m s , s * l o ,  5 1 - l ~  e x p l a i n s  t h e  e l imina t ion  of base  r eg ion  channels  from 
n-p-n t r a n s i s t o r s  a t  l a r g e  doses .  
photoemission i s  4 . 2 2 e ~  f o r  a p-type surface and 3.05eV f o r  an n-type 
s u r f a c e  - e n e r g i e s  e a s i l y  achieved with t h e  ion iz ing  r a d i a t i o n  sources  

. o f  i n t e r e s t .  E l e c t r o n s  emi t ted  from the s i l i c o n  i n t o  t h e  Si02 cause 
a n e t  r educ t ion  i n  t h e  D o s i t i v e  space charge over  t h e  i n t e r f a c e  [See 
Figure  5- l (e ) ] .  
SiO2-si i n t e r f a c e .  
base  j u n c t i o n s  dur ing  i r r a d i a t i o n ,  the  n e t  p o s i t i v e  oxide  space charge 
d r i f t  t o  t h e  i n t e r f a c e  Over t h e  p-type base  reg ion  produces an e l e c t r i c  
f i e l d  which enhances t h e  p r o b a b i l i t y  of photoemission i n t o  the  oxide.  
A t  some p o i n t ,  t h e  n e t  p o s i t i v e  charge d r i f t  t o  t h e  i n t e r f a c e  equals  t h e  
n e t  f low of photoemit ted e l e c t r o n s  t o  the  i n t e r f a c e .  A s  photoemission 
con t inues ,  t h e  p o s i t i v e  space charge decreases ,  which i n  t u r n  reduces t h e  
i n t e r f a c e  e lectr ic  f i e l d  and t h e  channel. Eventual ly  t h e  space charge 
dec reases  t o  a p o i n t  where t h e  channel d i sappea r s  [See Figure 5 - l ( f ) ]  
and photoemission e i t h e r  ceases o r  cont inues a t  a low rate t o  r e p l e n i s h  
e l e c t r o n s  c r o s s i n g  t h e  oxide-ambient i n t e r f a c e .  

This  r e s u l t s  i n  

This  

The 

Though t h i s  p o s i t i v e  space charge near  t h e  SiO2-Si i n t e r f a c e  accounts  

Photoemission 

The e l e c t r o n  th re sho ld  energy f o r  

Photoemission is 'dependent  on t h e  e l e c t r i c  f i e l d  a t  t h e  
For  n-p-n t r a n s i s t o r s  wi th  r eve r se  b iased  c o l l e c t o r -  

The r e s u l t s  of i r r a d i a t i n g  an n channel enhancement MOS device  ind i -  
c a t e d  t h a t  photoemission does n o t  produce complete recovery t o  i n i t i a l  
c o n d i t i o n s  b u t  i n s t e a d  raises t h e  sur face  p o t e n t i a l  t o  a l a r g e  va lue  which 
then  dec reases  t o  a smaller va lue  of the same p o l a r i t y .  This  may exp la in  
t h e  l a r g e  LSRG ccrnponent r e m a i n i ~ g  a f t e r  channel r eces s ion  i n  n-p-n 
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t r a n s i s t o r s ,  s i n c e  t h e  s u r f a c e  charge d e n s i t y  i s  reduced t o  a v a l u e  
i n s u f f i c i e n t  t o  i n v e r t  t h e  h igh  base r eg ion  s u r f a c e  concen t r a t ion  but  
s u f f i c i e n t  t o  l e a v e  a dep le t ed  region. This  dep le t ed  reg ion  enhances 
ISRG and base  spreading components. 

'' I 
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SECTION 6 

SEMICONDUCTOR DEVICE EVALUATION 

6.1 DEVICE SELECTION 

The i d e a l  s o l u t i o n  t o  t h e  problems of i on iz ing  r a d i a t i o n  s u r f a c e  
e f f e c t s  on t r a n s i s t o r  e l e c t r i c a l  parameters i s  t o  provide t h a t  combina- 
t i o n  of materials,  geometry, su r f ace  t rea tments  and b i a s e s  t h a t  e l i m i n a t e s  
o r  nega tes  t h e  e f f e c t s .  Since such a combination i s  not  p r e s e n t l y  a v a i l -  
a b l e ,  t h e  next  b e s t  s o l u t i o n  is t o  minimize t h e  e f f e c t s .  
were taken t o  achieve  t r a n s i s t o r s  w i th  minimum s u s c e p t i b i l i t y  t o  i o n i z i n g  
r a d i a t i o n :  (1) eva lua t ion  of t h e  s u r f a c e  s t a b i l i t y  i n  ion iz ing  r a d i a t i o n  
of a number of d i f f e r e n t  t r a n s i s t o r  types  c u r r e n t l y  being produced o r  
i n  development, and (2) development of a screening  process  whereby t r an -  
s i s t o r s  wi th  poor s u r f a c e  s t a b i l i t y  i n  ion iz ing  r a d i a t i o n  can be i d e n t i -  
f i e d  t o  preclude t h e i r  use i n  r a d i a t i o n  environments. This  s e c t i o n  
d e s c r i b e s  t h e  r e s u l t s  of t h e  f i r s t  approach. 
were eva lua ted  f o r  t h e i r  t o l e rance  t o  i o n i z i n g  r a d i a t i o n  s u r f a c e  e f f e c t s .  
The same t r a n s i s t o r s  were a l s o  subjec ted  t o  t h e  recovery procedure des- 
c r ibed  i n  Sec t ion  4 and i r r a d i a t e d  a second t i m e  t o  provide d a t a  f o r  
eva lua t ing  the  e f f e c t i v e n e s s  of t he  screening  process  t h a t  is discussed  
i n  d e t a i l  i n  Sec t ion  7. 

Two approaches 

Severa l  types  of  t r a n s i s t o r s  

A number of devices  t e s t e d  i n  t h i s  phase were s e l e c t e d  because 
they  were manufactured wi th  s p e c i a l  s u r f a c e  t rea tments  o r  contained 
s p e c i a l  p a s s i v a t i o n  processes ,  such as a guard r i n g  o r  f i e l d  p l a t e ,  
designed s p e c i f i c a l l y  t o  improve nonradia t ion  s u r f a c e  s t a b i l i t y  and s u r -  
f a c e  c h a r a c t e r i s t i c s .  The purpose of t e s t i n g  these  devices  was t o  de t e r -  
mine i f  any of t h e  s p e c i a l  techniques were e f f e c t i v e  i n  e l imina t ing  o r  
s u b s t a n t i a l l y  minimizing r a d i a t i o n  s u r f a c e  e f f e c t s .  

f o r  d i f f e r e n t  conf igu ra t ions  and d i f f e r e n t  geometries:  
b i p o l a r  v s  unipolar  (FET) and s i g n a l  v s  power t r a n s i s t o r s .  A complete 
l i s t i n g  of t h e  devices  eva lua ted  and t h e  reasons f o r  t h e i r  s e l e c t i o n  are 
g iven  i n  Table 6-1. 

Other  types  of t r a n s i s t o r s  were s e l e c t e d  t o  complete t h e  eva lua t ion  
n-p-n vs  p-n-p, 

6.2 RESULTS OF THE EVALUATION 

The device  eva lua t ion  program cons i s t ed  of i r r a d i a t i n g  samples 
(nominal1 12,  sometimes 6 as l i s t e d  i n  Table 6-1) wi th  X-rays a t  a ra te  

t i o n  inducing the  most severe  s u r f a c e  e f f e c t s ) .  Changes i n  hFE and ICBO 
were monitored over t h e  f u l l  range of c o l l e c t o r  c u r r e n t s  as a func t ion  
of  t o t a l  dose received.  
i n g  i n  t h e s e  devices  were provided by a second i r r a d i a t i o n  i d e n t i c a l  t o  

of 5 x 10  3 R/hr wi th  reverse-biased co l l ec to r -base  j u n c t i o n s  ( t h e  condi- 

Data f o r  eva lua t ing  t h e  e f f e c t i v e n e s s  of  screen-  



Device 

Table 6-1 - Devices t e s t e d  i n  P h a s e  I1 

Quantity 
HEr . Description 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

13 

14 

2N1613 Fairchild n-p-n 1 2  

2N2222 Motorola n-p-n, annular ring process 12 

2N2222 Fairchild n-p-n, without annular ring 12 

2N2905 Motorola p-n-p, annular ring process 12 

2131132 Texas Inst. p-n-p, TriRel process, field relief 12 
plate over collector-base junction 

2N722 Texas Inst. p-n-p, field plate 6 
2N722 Motorola p-n-p, without field plate 6 

STC1739 Silicon Trans. n-p-n, S i ,  200 W, mesa, structure 12 

2N2771 Westinghouse n-p-n, S i ,  200 W, alloy junction 12 

Corp. 

2N3058 Crystalonics p-n-p, epitaxial mesa collector-base and 6 
planar emitter-base construction, 
Low l e v e l ,  high gain, low Vsat 

2N3964 Fairchild p-n-p, Planar 11 process 6 

2N2219A Motorola n-p-n, six modified wfth metallization 12 

TD106 Fai rchild n-p-n, six modified with metal gate 12 

2N3387 Siliconix JFET, Flat package, ceramic 12 

over emitter-base junction 

electrode over emitter-base junction 

m 

.a 

m 2N3609 General 
Microelectronics MOSFET, Differential amplifiers 12 ? 

the first  performed on t h e  devices  after they had been r e s t o r e d . t o  i n i t i a l  
cond i t ions  by t h e  high tempera ture  recovery cyc le  descr ibed  i n  Sec t ion  4-1. 

__  
'Lhe magnitude and rate of t h e  changes i n  hFE and occur r ing  

w i t h  r a d i a t i o n  are i n d i c a t i o n s  of the  s u s c e p t i b i l i t y  of  t h e  dev ices  t o  
r a d i a t i o n  s u r f a c e  e f f e c t s .  Repea tab i l i t y  of t h e  damage bui ldup i n  t h e  
second c y c l e  i s  a measure of t h e  e f f e c t i v e n e s s  of t h e  sc reen ing  technique.  

Experimental  r e s u l t s  of t h e  eva lua t ion  of t he  d i f f e r e n t  device  
types  are p resen ted  below. F igures  6-1 through 6-12 show va lues  of 
l /hFE and I 
exposures  t o i o n i z i n g  r a d i a t i o n .  The l /hFE d a t a  are f o r  ampere of 
c o l l e c t o r  c u r r e n t  excep t  f o r  t h e  power t r a n s i s t o r s .  
l /hFE d a t a  are shown a t  10-1 ampere. 

purpose of comparing t h e  r e l a t i v e  s e n s i t i v i t i e s  of va r ious  devices  t o  
s u r f a c e  e f f e c t s .  

f o r  a number of devices  a f t e r  both small and l a r g e  c w  
Power t r a n s i s t o r  

S t r a i g h t  l i n e  p l o t s  were made from t h e  two d a t a  p o i n t s  f o r  t h e  

- "  . , 
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These p l o t s  do n o t  provide  a complete e v a l u a t i o n  of t h e  response of 
i n d i v i d u a l  dev ices  t o  i o n i z i n g  r a d i a t i o n ,  bu t  t i m e  d i d  no t  permi t  tak ing  
a l a r g e  number of p o i n t s  on a l l  devices .  
u s e f u l  d a t a  f o r  e v a l u a t i n g  r e l a t i v e  device  s e n s i t i v i t i e s  f o r  two reasons :  
(1) t h e  shapes of t h e  damage curves are c o n s i s t e n t  f o r  a l l  devices ,  i . e . ,  
they have a f a s t  bu i ldup  a t  s m a l l  doses and g r a d u a l l y  s a t u r a t e  a t  h ighe r  
doses. 

However, t h e  p l o t s  do provide  

The low dose ,  low c u r r e n t  po in t  i n d i c a t e s  channel formation and 
i t s  e f f e c t  on g a i n  and leakage  c u r r e n t ,  wh i l e  t he  h igh  dose, low c u r r e n t  
p o i n t  i n d i c a t e s  s u r f a c e  space  charge recombination gene ra t ion  e f f e c t s .  
(2) t h e  low dose p o i n t  r e p r e s e n t s  the optimum va lue ,  i . e . ,  nea r  o r  a t  
t h e  peak of t h e  i n i t i a l  damage buildup. 
show t h e  format ion  of a channel w e r e  made on s e v e r a l  t es t  s u b j e c t s  of 
each type  i r r a d i a t e d  and d a t a  p o i n t s  were taken when t h e  capac i tance  
reached a peak o r  l e v e l e d  o f f .  

Two i r r a d i a t i o n  cycles are shown on t h e  graphs because t h e  d a t a  
are a l s o  used f o r  e v a l u a t i n g  t h e  screening  technique. 
are l o g a r i t h m i c  p l o t s  of t o t a l  does, i n i t i a l  va lues  of l/hFE and ICBO 
p r i o r  t o  each c y c l e  are n o t  shown, but  r a t h e r  are g iven  i n  t a b l e s  on 
each graph. 

In  a d d i t i o n  t o  t h e  p l o t s  of damage v s  r a d i a t i o n  dose f o r  f i x e d  
c o l l e c t o r  c u r r e n t ,  t h e r e  are p l o t s  showing damage as a func t ion  of col-  
l e c t o r  c u r r e n t  a t  bo th  low and high r a d i a t i o n  doses.  Rather than repre- 
s e n t i n g  such d a t a  on a l l  dev ices  t e s t e d ,  t h e  p l o t s  (Figures 6-13 through 
6-32) show t h e  sp reads  of t h e  changes i n  l / hFE  among a l l  devices  of a 
g iven  type  t e s t e d .  I n  many o f  t hese  f i g u r e s ,  a broken l i n e  c h a r a c t e r i s -  
t i c  w i t h i n  t h e  s p r e a d  i n d i c a t e s  how sc reen ing  reduces t h e  spread  i n  
damage among dev ices .  The improvements due t o  sc reen ing  are d iscussed  
i n  d e t a i l  i n  S e c t i o n  7 .  

Capacitance measurements which 

Since  t h e  graphs 

r. 

6.2.1 B i p o l a r  n-p-n T r a n s i s t o r s  

Gain and leakage  c u r r e n t  degrada t ion  as a func t ion  of 
- - A i  AuuIub.-y.. n + i n n  ex~nsure for t h r e e  t y p i c a l  b i p o l a r  n-p-n t r a n s i s t o r s  are shown 
i n  t h e  p l o t s  o f  l / hFE  and ICBO i n ' F i g u r e s  6-1, 6-2, and 6-3. 
i n  some dev ices  are q u i t e  l a r g e ,  but a b s o l u t e  magnitudes are s t i l l  very  
small f o r  most t r a n s i s t o r s .  
is c h a r a c t e r i z e d  by t h e  development of emi t te r -base  and co l l ec to r -base  
channels  a t  low doses ,  which recede  a f t e r  l a r g e  doses.  This e f f e c t  can 
be seen i n  F igures  6-33 and 6-34, which are p l o t s  of t y p i c a l  s l o p e  con- 
s t a n t  nas  a f u n c t i o n  of dose f o r  two types  of n-p-n t r a n s i s t o r s .  Values 
of n w e r e  computed by d i g i t a l  computer techniques  us ing  t h e  d a t a  of 
l / h n  vs fc-and t h e i r  magnitudes a r e  n o t  n e c e s s a r i l y  exac t  because t h e '  
computer c a f c u l a t e s  a b e s t  f i t  without i n t e r p r e t i n g  t h e  meaning: of d a t a .  
The r e d u c t i o n  o f n  w i t h  dose is s i g n i f i c a n t  because i t  suppor t s  t h e  con- 
c l u s i o n  t h a t  channel  r e c e s s i o n  due t o  photoemission of e l e c t r o n s  a c r o s s  
t h e  Si-Si0 i n t e r f a c e ,  as descr ibed  i n  t h e  damage model d i scuss ion  
(Sec t ion  5f, is  common t o  p l a n a r  n-p-n t r a n s i s t o r s .  

I C ~ O  changes 

Typical hFE degrada t ion  i n  n-p-n t r a n s i s t o r s  
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Channel bu i ldup  and r eces s ion  are  manifested i n  t h e  p l o t s  

of F igures  6-1, 6-2 and 6-3 by r a t h e r  l a r g e  changes i n  l /hFE a t  low 
doses and a l e v e l i n g  o f f  ( o r  sometimes reduct ion)  t o  s a t u r a t i o n  va lues  
a t  h ighe r  doses.  The magnitude of t h e  changes and t h e  v a r i a t i o n  among 
t h e  d i f f e r e n t  dev ices  of a type  are r e l a t i v e l y  l a r g e  f o r  a l l  t h r e e  types  
of n-p-n d e v i c e s  a t  10-4 ampere. 
prominently by t h e  changes i n  l/hFE due t o  r a d i a t i o n  independent of t h e  
i n i t i a l  v a l u e  f o r  d i f f e r e n t  levels  of c o l l e c t o r  c u r r e n t .  
and sp reads  of t h e  changes are i n d i c a t i v e  of t h e  s u r f a c e  s t a b i l i t y  i n  
r a d i a t i o n  of a p a r t i c u l a r  t r a n s i s t o r  type.  

These e f f e c t s  are i l l u s t r a t e d  most 

The magnitudes 

F igu re  6-13 and 6-14 show t h e  upper and lower va lues  (hence 

as a func t ion  1 t h e  t o t a l  spread)  of rad ia t ion- induced  g a i n  damage A - 
of c o l l e c t o r  c u r r e n t  f o r  12 F a i r c h i l d  2N1613 t r a n s i s t o r s  f o r  s m a l l  
(< lo5,) and l a r g e  (- l O 7 R )  doses r e s p e c t i v e l y .  
t h e  spread  of damage due t o  r a d i a t i o n  dec rease  wi th  c o l l e c t o r  c u r r e n t  
u n t i l  t hey  reach  a minimum, a f t e r  which they g radua l ly  inc rease .  
t h e  spread  i n  l/hFE damage i s  smaller a t  h igh  doses than  a t  low doses ,  
t h e  average  magnitude of damage is  g r e a t e r  a t  high doses. A t  

t h e  spread  of A - is  from 0.026 t o  0.23 a t  low doses (4 x 104R). To 

understand how these changes in  l / h  
a t p i c a 1  2N1613, cons ide r  a t r a n s i s t o r  w i th  an i n i t i a l  ga in  of 50 a t  

equat ion  (3-5), c a l c u l a t e  t h e  f i n a l  ga in  as follows: 

~ F E  

Both t h e  magnitude and 

Whereas 

ampere, 

h~~ 
are r e f l e c t e d  i n  t h e  f i n a l  g a i n  of 

FE 

ampere (about t h e  average f o r  t h e  devices  t e s t e d ) ,  and, by employing 

22 1 = 1 
1 1/50  + 0.026 - + A -  

- 
h~~~ - 

~ F E O  ~ F E  

5 4  1 
hFE2 1 /50  + 0.23 - 

F i g u r e  6-38 p rov ides  a fami ly  of curves t h a t  f a c i l i t a t e s  
c a l c u l a t i o n  of hFE a f t e r  i r r a d i a t i o n  f o r  any t r a n s i s t o r  when t h e  amount 

of g a i n  deg rada t ion  A - due t o  r a d i a t i o n  and t h e  i n i t i a l  v a l u e  of . 

hFE are known. These cu rves  are p l o t s  of equat ion  (3-5) r e l a t i n g  h t o  FE g a i n  deg rada t ion  for v a r i o u s  i n i t i a l  va lues  of hFE. Thus, t o  g r a p h i c a l l y  

, i .e. ,  f i n d  t h e  hFE v a l u e s  c a l c u l a t e d  above, l o c a t e  t h e  va lue  of A - 
0.026, on t h e  a b s c i s s a  i n  F igure  6-38 and read  o f f  t h e  p o s t  r a d i a t i o n  
v a l u e  of h on the o r d i n a t e  a t  t h e  i n t e r s e c t i o n  of t h e  0.026 l i n e  and 
t h e  cu rve  Fir t h e  i n i t i a l  hFE v a l u e  of 50. The above example i s  shown 

h~~ 

1 
~ F E  

rl i. 
iu . 
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a l s o  on t h e  nomograph, Figure 6-39, which i s  more complete because i t  
is n o t  r e s t r i c t e d  t o  only f i v e  values of i n i t i a l  hFE. 
Figure 6-38 demonstrate  t h a t  f o r  l a r g e  va lues  of damage, p o s t  r a d i a t i o n  
hFE Values are almost independent o f  i n i t i a l  g a i n ,  which can be ignored 
when only  approximate resu l t s  are  required.  

is  from A t  a l a r g e  dose (3.5 x l O 7 R ) ,  t h e  spread of A - 

The curves of 

1 
~ F E  

0.09 t o  0.18 a t  ampere (corresponding t o  f i n a l  g a i n s  of 9 .1  and 5 
r e s p e c t i v e l y  f o r  an  assumed i n i t i a l  ga in  of 50).  
w e l l  as t h o s e  a t  low doses ,  are q u i t e  prominent a t  tlie moderately l o w  
c o l l e c t o r  c u r r e n t  of 10-4 ampere. 

A t  ampere, t h e  spread and magnitude of l / h F E  degrada- 
t i o n  are reduced b u t  s t i l l  s i g n i f i c a n t ,  e s p e c i a l l y  a t  higher  doses.  T h e  
spreads  i n  radiat ion-induced s u r f a c e  damage a t  low doses are from 0.003 
t o  0.008 ( f i n a l  g a i n s  of  4 3  and 36 f o r  t h e  assumed i n i t i a l  value of 50) 
and a t  high doses  t h e  spreads  are  from 0.012 t o  0.018 ( f i n a l  g a i n s  of 
31 and 2 6 ) .  

S i m i l a r  g a i n  change versus  c o l l e c t o r  c u r r e n t  c h a r a c t e r i s t i c s  
can be observed f o r  t h e  Motorola 2N2222 i n  Figures  6-15 and 6-16 f o r  small 
and l a r g e  doses  r e s p e c t i v e l y ,  and for t h e  F a i r c h i l d  2N2222 i n  Figures 6-17 
and 6-18. The s p r e a d s  i n  damage f o r  t h e  Motorola 2N2222 f o r  t h e  low and 
high doses  r e s p e c t i v e l y ,  are from 0.021 t o  0.28, and from 0.042 t o  0.16 
a t  ampere. A t  10-2 ampere, t h e  corresponding spreads a r e  0.002 t o  
0.011 and 0.004 t o  0.018. For the F a i r c h i l d  2N2222, t he  s p r e a d s  of 

These ga in  clianges, a s  

A -  ' a t  
~ F E  

ampere are from 0.04 t o  0.18 and 0.05 t o  0.120, and a t  

ampere, from 0.003 t o  0.007 and 0.005 t o  0.012. 

A t a b u l a t i o n  o f  t h e  minimum and maximum l e v e l s  of ga in  
degrada t ion  for a l l  types  of t r a n s i s t o r s  eva lua ted  i s  provided i n  Table 6 - 2 .  
A m a t r i x  of  d a t a  is  presented  f o r  each device  type c o n s i s t i n g  of t h e  
minimum and maximum g a i n  degradat ion experienced by a l l  t r a n s i s t o r s  of 
d part icular  t y p e ,  a t  two dose l e v e l s  (small  dose of < l O 5 R  and l a r g e  
dose  - lO7R) and a t  two c o l l e c t o r  c u r r e n t  l e v e l s  - one iow compared t o  
normal o p e r a t i o n ,  t h e  o t h e r  near  normal opera t ing  c u r r e n t s ,  To permit 
a comparison of d e v i c e s  on as near ly  t h e  same b a s i s  a s  p o s s i b l e ,  ga in  
degrada t ion  d a t a  were normalized t o  t h e  same r e l a t i v e  value of c o l l e c t o r  
c u r r e n t  w i th  r e s p e c t  t o  t h e  normal opera t ing  c u r r e n t  f o r  t h a t  device.  
For example, t o  compare d a t a  taken a t  10-4 ampere from a device t h a t  
nominal ly  o p e r a t e s  a t  10-1 ampere, t h e  equiva len t  d a t a  from a devicc 
t h a t  nominally o p e r a t e s  a t  1 ampere would have t o  be taken a t  10-3 ampere. 
The nominal o p e r a t i n g  c u r r e n t  f o r  each device f o r  which comparisons were 

made in t h i s  r e p o r t  w a s  assumed to  be  a t  t h e  v a l l e y  of t h e  A - 
curve  (corresponds t o  t h e  peak of hFE vs IC curve) .  
levels chosen for comparing d a t a  were t h r e e  decades and one decade below 

vs IC 1 

h~~ 
The two c u r r e n t  

7 
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6.2.2 Bipolar  p-n-p T r a n s i s t o r s  

I n  c o n t r a s t  t o  n-p-n t r a n s i s t o r s ,  t y p i c a l  b i p o l a r  p l a n a r  
p-n-p t r a n s i s t o r s  c h a r a c t e r i s t i c a l l y  develop a channel component a t  s m a l l  
dose t h a t  i nc reases  i n  e f f e c t i v e n e s s  as dose inc reases .  This  cha rac t e r -  
i s t i c  i s  demonstrated i n  F igures  6-35 and 6-36, which a r e  t y p i c a l  p l o t s  
of n v e r s u s  4 f o r  two p-n-p device types .  These are t y p i c a l  of r e s u l t s  
i n  a l l  t h e  p l a n a r  p-n-p types t e s t ed .  The nonplanar Crys t a lon ic s  2N3058, 
on t h e  o t h e r  hand, had va lues  from 1 .2  t o  1 .6  a t  both low and h igh  
doses .  
t u r e  emitter and base  reg ions ,  r e a c t s  d i f f e r e n t l y  t o  i o n i z i n g  r a d i a t i o n  
than does t h e  Si02 pass iva t ed  p lanar  s t r u c t u r e  d iscussed  i n  Sec t ion  6.2.3. 

t r a n s i s t o r s  had no p a r t i c u l a r  p a t t e r n .  
t ances  tended t o  inc rease  s l i g h t l y  o r  remain cons tan t  a t  low r a d i a t i o n  
doses .  
decrease ,  o r  remain nea r ly  cons tan t  s o  t h a t  no t y p i c a l  response w a s  
apparent .  

shown i n  F igures  6-4, 6-5, and 6-6tBfor t h r e e  d i f f e r e n t  types of p-n-p 
p l a n a r  t r a n s i s t o r s  (2N2905, 2N1132, and 2N722). The s i g n i f i c a n t  d i f f e r -  
ence i n  radiat ion-induced degradat ion f o r  n-p-n and p-n-p p l a n a r  b i p o l a r  
t r a n s i s t o r s  i s  t h a t  channeling develops i n  both  types a t  low doses and 
recedes f o r  l a r g e r  doses i n  n-p-n dev ices ,  bu t  cont inues t o  b u i l d  up 
w i t h  i n c r e a s e s  of dose i n  p-n-p devices .  Hence p-n-p t r a n s i s t o r s  appear 
t o  b e  more s u i t a b l e  f o r  low dose a p p l i c a t i o n s  (lO5R) whi le  n-p-n t r an -  
s i s t o r s  are p r e f e r r e d  f o r  h ighe r  dose a p p l i c a t i o n s .  Such gene ra l  con- 
c l u s i o n s  cannot be  drawn, however, s i n c e  v a r i a t i o n s  wi th in  a s i n g l e  type  
are o f t e n  g r e a t e r  than t h e  d i f f e r e n c e s  between n-p-n and p-n-p types .  

This  device ,  which has  an e p i t a x i a l  c o l l e c t o r  with mesa s t r u c -  

Changes i n  j u n c t i o n  capac i tances  observed f o r  t h e  p-n-p 
I n  some devices  j u n c t i o n  capaci-  

Junc t ion  capac i tances  a t  l a r g e  doses were observed t o  i n c r e a s e ,  

P l o t s  of l /hFE and I degrada t ion  wi th  r a d i a t i o n  are 

Typica l  A - v s  IC c h a r a c t e r i s t i c s  of t he  S i02  pass iva t ed  
h~~ 

p l a n a r  p-n-p t r a n s i s t o r  f o r  low and h igh  doses r e spec t ive ly  are presented  
i n  F igures  b-ig and 6-20 f o r  the Xctcrcls 2N2905, i n  F igures  6-21 and 
6-22 f o r  t h e  Texas Instruments  (TI) 2N1132, and i n  Figures  6-23 and 

6-24 f o r  t h e  T I  and Motorola 2N722. Values of A - a t  two c u r r e n t  

levels (one t h r e e  decades below the  minimum and the  o the r  - one decade - -  

below) and two levels of r a d i a t i o n  are given i n  Table 6-2. 

for p-n-p devices  a t  high dose levels compared t o  those  a t  low doses o r  
compared t o  n-p-n devices  i s  ev ident  from the  t a b l e .  
t h e  T I  2N1132 was unusual i n  t h a t  a f t e r  a l a r g e  dose the  wors t  t r a n s i s t o r  
of t h e  group improved over  i t s  small dose va lue .  
which is  t h e  same as t h e  2N1132 except  f o r  packaging, behaved as expected 
for a p-n-p device.  Diferences between t h e  T I  2N722 and-Motorola 2N722- 
are s i g n i f i c a n t  as evidenced by t h e  t a b l e - a n d  t h e  c u m e s  of F igures  6-23 

h~~ 
- -  -- 

The inc rease  i n  the magnitude and t h e  spread of damage 

The behavior  of 

However, t h e  T I  2N722, 



and 6-24. It is  n o t  c l e a r  whether t h i s  d i s t i n c t i o n  can be construed as 
an improved process ing  technique f o r  t h a t  device  o r  whether i t  i s  simply 
i n d i c a t i v e  of t he  p a r t i c u l a r  sampling used f o r  t h e  tests. 
however, t h a t  gene ra l  comparisons cannot be  made among manufacturers  
because o f t e n  t h e  same manufacturer w i l l  have t h e  b e s t  of one type  of 
device  and the  worst  of another .  

It is c e r t a i n ,  

6 . 2 . 3  Nonplanar T r a n s i s t o r s  

Three nonplanar b i p o l a r  t r a n s i s t o r s  were eva lua ted .  One, 
t h e  Crys t a lon ic s  2N3058 w a s  a low-level swi tch  having an e p i t a x i a l  
c o l l e c t o r  w i th  mesa s t r u c t u r e  emitter and base  regions.  The o t h e r  two 
were power t r a n s i s t o r s ;  one was t h e  S i l i c o n  T r a n s i s t o r  Corporat ion STC 
1739 s i n g l e  d i f f u s e d  mesa t r a n s i s t o r ,  and t h e  o t h e r  type w a s  a Westing- 
house 2N2771 a l l o y  j u n c t i o n  t r a n s i s t o r .  

The c h a r a c t e r i s t i c  behavior  i n  i o n i z i n g  r a d i a t i o n  of non- 
p l ana r  devices  without  Si02 pass iva t ion  w a s  a p t l y  descr ibed  by Peck, s -  
Es t rupGe l  and o the r s .  The purpose f o r  i nc lud ing  them i n  t h i s  program 
w a s  t o  compare t h e i r  behavior  wi th  p l ana r  Si02 pass iva t ed  devices  under 
t h e  same test cond i t ions ,  and t o  ob ta in  s p e c i f i c  r e s u l t s  on t h e  two 
power devices  which NASA-MSFC is  cons ider ing  f o r  a p p l i c a t i o n s  t h a t  may 
involve  i o n i z i n g  r a d i a t i o n .  

A s  noted by t h e  response of non Si02 pass iva t ed  
t r a n s i s t o r s  w a s  heavi ly  dependent on b i a s  and r a d i a t i o n  ra te  as w e l l  as 
t h e  t o t a l  dose. The model proposed was t h a t  hFE and ICBO degrada t ions  
were due t o  s u r f a c e  channels  produced by an accumulation of charged ambi- 
e n t  gas  i o n s  on the  device su r face .  The gas ions  are a t t r a c t e d  t o  t h e  
t r a n s i s t o r  s u r f a c e s  by e l e c t r i c  f i e l d s  produced when the  device is  elec- 
t r i c a l l y  b iased .  
ga in  measurements), t h e  damage decays back t o  zero.  O r  i f  t h e  r a d i a t i o n  
is  removed, t he  damage aga in  decays back t o  zero  b u t  w i th  a d i f f e r e n t  
( l onge r )  t i m e  cons tan t .  

Hence when t h e  b i a s  i s  removed (such a5 f o r  t ak ing  

This rap id  recovery of damage w i t h  b i a s  o r  r a d i a t i o n  removal 
by nonplanar  t r a n s i s t o r s  i s  i n  sha rp  c o n t r a s t  t o  t h e  long,  e s s e n t i a l l y  
permanent s t o r a g e  of damage i n  p l ana r  S i 0 2  pas s iva t ed  devices .  Conse- 
quen t ly ,  t h e  techniques used f o r  measuring damage t o  p lanar  t r a n s i s t o r s  
( r a d i a t i o n  removed and wide range of forward b i a s e s  appl ied)  are n o t  
a p p l i c a b l e  t o  nonplanar t r a n s i s t o r s .  This  w a s  p a r t i c u l a r l y  ev iden t  w i th  
t h e  two power t r a n s i s t o r s  t e s t e d .  The r e s u l t s  o f  taking measurements i n  
t h e  u s u a l  way are shown i n  F igures  6-7 and 6-8 f o r  t he  STC1739 and the  
2N2771 r e s p e c t i v e l y .  
sou rce  w a s  turned o f f  and t h e  measurements were taken is  thought t o  be  
t h e  reason  why very l i t t l e  damage w a s  observed. 
exper imenters  repor ted  t h i s  same e f f e c t .  

measurements were made during r a d i a t i o n  and wi th  the  b i a s  l e f t  unchanged. 
T h i s  meant t h a t  only leakage c u r r e n t  measurements could be made, n o t  ga in  

Damage anneal ing between t h e  t i m e  t h e  r a d i a t i o n  

Peck and o t h e r  e a r l y  

- 
To circumvent t h i s  rap id  recovery during measurements, 
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which r equ i r ed  forward b i a s i n g  a t  d i f f e r e n t  levels. 
t o  measure ga in  on t h e  nonplanar power t r a n s i s t o r s ,  t h e  two t r a n s i s t o r s  
were opera ted  i n  t h e  same manner as i n  t h e i r  in tended  a p p l i c a t i o n ,  and 
t h e  output  was examined f o r  degradat ion whi le  t h e  t r a n s i s t o r s  were be ing  
i r r a d i a t e d .  Half t h e  power t r a n s i s t o r s  of each type  were t e s t e d  i n  t h i s  
manner, and t h e  o t h e r  h a l f  were reverse-biased f o r  leakage c u r r e n t  
measurements dur ing  i r r a d i a t i o n .  

Rather than a t t e m p t  

The ope ra t ing  mode was achieved by d r i v i n g  t h e  t r a n s i s t o r s  
w i t h  a 400Hz square  wave on the  bases  wi th  IC = 4.5A and IB = 400mA dur- 
i n g  s a t u r a t i o n  and VCE =.56V during c u t o f f .  
good square  wave responses  were obtained a t  t h e  c o l l e c t o r s .  Di f fe rences  
i n  d a t a  as a r e s u l t  of t h e  d i f f e r e n t  b i a s e s  used (swi tch ing  and r eve r se  
b i a s )  were undetec tab le .  

wi thout  any observable  changes i n  the  square  wave output .  The conclusion,  
t h e r e f o r e ,  i s  t h a t  bo th  power t r a n s i s t o r s  are s u i t a b l e  f o r  i o n i z i n g  
r a d i a t i o n  environments provided they are cont inuously switched on wi th  
a t  least  a 50 pe rcen t  duty cyc le .  

With t h e  base  d r i v e  used, 

The switched t r a n s i s t o r s  were i r r a d i a t e d  t o  2 x 10 6 rads  

The same devices  l e f t  i n  t h e  o f f  o r  r eve r se  b i a sed  condi- 
t i o n  would n o t  be s u i t a b l e  f o r  r a d i a t i o n  environments s i n c e  t h e i r  leakage 
c u r r e n t s  would be excess ive  a f t e r  modest r a d i a t i o n  doses ( i n  t h e  m i l l i -  
ampere range a f t e r  lo5 rads) and could t u r n  normally o f f  devices  on. 

is c l e a r l y  n o t  as p r e d i c t a b l e  no r  as r epea tab le  as t h a t  of p l a n a r  devices .  
The amount of damage incu r red  i n  nonplanar t r a n s i s t o r s  is  heav i ly  depen- 
dent  on b i a s  and r a d i a t i o n  dose r a t e .  

The i o n i z i n g  r a d i a t i o n  c h a r a c t e r i s t i c s  of t h e  Crys t a lon ic s  
2N3058 were found t o  be  a combination of p l ana r  and mesa c h a r a c t e r i s t i c s  
as expected because of i t s  cons t ruc t ion .  Gain v a r i a t i o n s  wi th  r a d i a t i o n  
w e r e  comparable t o  those  experienced by o t h e r  p l ana r  devices  s i n c e  the  
2N3058 does have a p lana r  emitter-base junc t ion .  

2N3058 has  a mesa co l l ec to r -base  junc t ion .  

The response of nonplanar devices  t o  i o n i z i n g  r a d i a t i o n  

Leakage c u r r e n t  changes, 
x ',"we"u, - - - - - - - - ----- WS,.t 3A-L,,11zr -<-< tc thcse &served i n  mesa devices  because t h e  

Gain and leakage cu r ren t  v a r i a t i o n s  wi th  r a d i a t i o n  are 
shown i n  F igure  6-9. Gain changes are moderate b u t  t h e  spread  i s  rela- - 
t i v e l y  s m a l l  and they are repeatable ,  t he  second cyc le  i n d i c a t i n g  t h a t  
g a i n  d i d  recover .  I n  c o n t r a s t ,  leakage cu r ren t  changes were q u i t e  l a r g e  
and w e r e  no t  r epea tab le .  Since t h e  device i s  b a s i c a l l y  a low l e v e l  
swi t ch ing  device', l a r g e  changes i n  leakage c u r r e n t  can be c a t a s t r o p h i c  
f o r  many a p p l i c a t i o n s .  

The changes i n  ga in  of t he  2N3058 as a func t ion  of c u r r e n t  
a t  a low and a h igh  dose level  a r e  shown i n  F igure  6-25 and 6-26 respec- 
t i v e l y .  
f o r  two d i f f e r e n t  c u r r e n t  l e v e l s .  They appear t o  be t y p i c a l  of t h e  more 
s table  types  of p-n-p devices .  

The v a r i a t i o n s  i n  magnitude and spread  are shown i n  Table  6-2 

/ 



6.2.4 Evalua t ion  of Spec ia l  Processes 

6 2.4.1 Processes  Evaluated 

One of t h e  primary purposes of t h e  Phase 11 
experiments was t o  e v a l u a t e  t ransis tors  manufactured wi th  s p e c i a l  pro- 
cesses designed s p e c i f i c a l l y  t o  improve s u r f a c e  s t a b i l i t y .  
t h e  p rocesses  eva lua ted  - F a i r c h i l d ' s  P l a n a r  11, Texas Ins t ruments '  
T r i  R e 1  ( f i e l d  p l a t e ) ,  and Motorola 's  annu la r  (guard r i n g ) ,  are used on 
commercially a v a i l a b l e  devices.  Other t r a n s i s t o r s  inc luded  i n  t h e  eva l -  
u a t i o n  t o  determine the  e f f e c t s  of m e t a l l i z a t i o n  over t h e  emi t te r -base  
j u n c t i o n  are s p e c i a l l y  modified experimental  n-p-n t r a n s i s t o r s  supp l i ed  
by Motorola (2N2219A) and F a i r c h i l d  (TD106). The e f f e c t s  of m e t a l l i z a -  
t i o n  are r e a d i l y  eva lua ted  from these  dev ices  because samples of t h e  
same dev ices  w i t h  and wi thout  m e t a l l i z a t i o n  were supp l i ed .  

A d i s c u s s i o n  of t h e  r e s u l t s  ob ta ined  from t h e  
experiments i s  presented  i n  t h i s  s e c t i o n ;  however, i t  should be noted  
t h a t  t h e s e  experiments were performed on s m a l l  sample  s i z e s  and t h a t  
f i n a l  conclus ions  as t o  t h e  re la t ive merits of t h e s e  processes  should 
n o t  be  based  on t h e s e  r e s u l t s .  

Three of 

6.2.4.2 P l a n a r  I1 Process ,  F a i r c h i l d  

technology wherein a t tempts  were made t o  develop s t a b l e  devices  by 
developing a h igh  q u a l i t y  a l k a l i - f r e e  oxide .  
t r a n s i s t o r  was.used t o  e v a l u a t e  t h i s  process .  

The P l a n a r  I1 process  is  an outgrowth of MOSFET 

The F a i r c h i l d  2N3964 p-n-p 

S i x  2N3964 t r a n s i s t o r s  were i r r a d i a t e d  t o  doses 
approaching l o 7  r ads .  Data on l/hFE and ICBo taken  a t  a low dose l e v e l  
and a t  t h e  end of t h e  test  are shown g r a p h i c a l l y  i n  F igure  6-10. I n  

l. a d d i t i o n ,  curves of A - as a f u n c t i o n  of c o l l e c t o r  c u r r e n t  are shown 
~ F E  

4.. w: L . L 8 U ~ ~ ~  -..--- u c - * 7  L I  arid 6-28 cor l o w  and high doses reSpeCtiVeiy. -_ ' lhe  data 
i n d i c a t e  t h a t  t h i s  t r a n s i s t o r  is  comparable i n  s e n s i t i v i t y  t o  i o n i z i n g  
r a d i a t i o n  t o  t h e  more vu lne rab le  p-n-p dev ices  t e s t e d  i n  t h i s  program 
as shown i n  Table 6-2. 
b u t  a f t e r  about l O 7 R ,  i t  is  about t h e  same as t h e  Texas Instruments o r  
Motorola 2N722. The s l o p e  c o n s t a n t s  n i n d i c a t e  t h a t a t  low doses t h e  
dev ices  develop channel components t h a t  i n c r e a s e  ve ry  l i t t l e  w i th  
i n c r e a s e s  of dose t o  about 107R. The n va lues  are a l s o  very c l o s e l y  
grouped and n e a r l y  r e p e a t a b l e ,  implying t h a t  t h e  s u r f a c e  p r o p e r t i e s  of 
a l l  of t h e  t r a n s i s t o r s  t e s t e d  are about t h e  same and t h a t  t h e  oxide 
interface i s  of h igh  q u a l i t y .  

ICBo bui ldup  is a more gradual  func t ion  of dose; _. - 

z 
6.2.4.3 T r i  Re1 (F ie ld  P l a t e ) ,  Texas Ins t ruments  . 

T r i  Rel.5.s a three-s tage  process  t o  improve t h e  
r e l i a b i l i t y  of small s i g n a l  p-n-p devices.  The process  inc ludes  a metal 

i 
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f i e l d  r e l i e f  e l e c t r o d e  over  t h e  oxide of t h e  c o l l e c t o r  reg ion ,  a h ighly  
p-doped guard r i n g  d i f f u s e d  i n t o  the  c o l l e c t o r  reg ion ,  and an oxide 
thermal  s t a b i l i z a t i o n  technique i n  which a phosphorus g l aze  i s  l e f t  
over  t h e  s u r f a c e  of t h e  oxide t o  a c t  as a g e t t e r  f o r  sodium and potassium 
ions .  The'2N722 and 2N1132 were used t o  eva lua te  T r i  R e l .  

Resul t s  of i r r a d i a t i o n  tests on t h e s e  t r a n s i s t o r s  
are d iscussed  i n  Sec t ion  6.2.2 on p-n-p t r a n s i s t o r s .  
damage bui ldup c h a r a c t e r i s t i c s  wi th  r a d i a t i o n  are given i n  F igures  6-5 

l /hFE and ICBO 

and 6-6. 

are g iven  i n  F igures  6-21 through 6-24. Severa l  T I  2N1132 devices  had 
l a r g e  hFE degrada t ion  a t  l o w  doses,  which c a s t s  doubt on t h e i r  e f f e c t i v e -  
ness as r a d i a t i o n - t o l e r a n t  devices  without  sc reening .  Also,  t h e  spreads 
of hFE damage c h a r a c t e r i s t i c s  f o r  t he  2N1132 were much wider  f o r  t he  
second cyc le ,  wi th  some devices  improved and o t h e r s  worse,  i n d i c a t i n g  
random changes i n  s u r f a c e  p r o p e r t i e s .  On t h e  o t h e r  hand, t h e  T I  2N722 
showed very  l i t t l e  damage, and the  damage observed w a s  very r epea tab le  
i n  t h e  second cycle .  
same process  except f o r  packaging ( t h e  2N1132 as a TO5 and t h e  2N722 as 
a T018), d i f f e r e n c e s  i n  response can only be a t t r i b u t e d  t o  t h e  small 
sample s i z e s  and d i f f e r e n t  ba tch  c h a r a c t e r i s t i c s .  

Var ia t ions  i n  A - with  cu r ren t  f o r  small and l a r g e  doses 
~ F E  

Since both devices  are made from ch ips  by the  

Channels developed i n  t h e  2N1132 a t  low doses 
as shown by t h e  s l o p e  cons t an t s  of F igure  6-36 and became worse w i t h  
i n c r e a s e s  i n  dose, i n d i c a t i n g  t h a t  t h e  su r face  channel ing problem i n  
i o n i z i n g  r a d i a t i o n  i s  n o t  e l imina ted  by t h e  T r i  R e 1  process .  

6.2.4.4 Annular Process ,  Motorola 

The Motorola annular  process  uses  a h igh ly  
p-doped annular  r i n g  i n  t h e  c o l l e c t o r  reg ion  on both n-p-n and p-n-p 
dev ices .  The 2N2222 n-p-n and the  2N2905 p-n-p t r a n s i s t o r s  are examples 
of t h i s  process  t h a t  were used f o r  eva lua t ion .  Damage response charac- 
teristics were shown previous ly  i n  F igures  6-2 and 6-4 r e s p e c t i v e l y  and 
damage v a r i a t i o n  wi th  cu r ren t  i n  Figures  6-15, 6-16, 6-19 and 6-20. 

The 2N2222 n-p-n device i s  r e l a t i v e l y  unaf fec ted  
by t h e  guard r i n g  as expected s i n c e  the  major c o l l e c t o r  channel ing prob- - _  
l e m  is  wi th  inve r s ion  of t h e  low-doped p -co l l ec to r  of p-n-p devices .  
Also ,  t h e  hFE and ICBO degradat ion f o r  t he  2N2905 devices  w a s  no t  s i g n i -  
f i c a n t l y  d i f f e r e n t  from t h a t  of o the r  p-n-p's. 
low doses were de tec t ed  by n v a l u e s  as shown i n  Figure 6-34 f o r  t he  
2N2222 and 6-35 f o r  t h e  2N2905. The channels receded i n  t h e  n-p-n device  
b u t  cont inued t o  i n c r e a s e  i n  t h e  p-n-p device,  i n d i c a t i n g  t h a t  t h e  annular  
p r o c e s s  does no t  e l imina te  the  channeling problem induced by i o n i z i n g  
r a d i a t i o n .  

Channel components a t  
. 
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6.2.4.5 S p e c i a l l y  Modified 2N2219AY Motorola 

S i x  Motorola 2N2219A n-p-n t r a n s i s t o r s  were 
modified by Motorola wi th  m e t a l l i z a t i o n  over  t h e  emi t te r -base  j u n c t i o n .  
These s i x  were i r r a d i a t e d  along wi th  s i x  normal 2N2219A t r a n s i s t o r s  t o  
a s c e r t a i n  t h e  e f f e c t i v e n e s s  of emit ter-base m e t a l l i z a t i o n  f o r  reducing 
base-emit ter  channels.  The r e s u l t s  a r e  shown i n  F igure  6-11, where 
devices  1 through 6 are those  wi th  m e t a l l i z a t i o n .  

Note t h a t  the  devices  wi th  m e t a l l i z a t i o n  have 
less hFE damage bui ldup  and are more t i g h t l y  grouped than the  nonmetal l ized 
devices .  The me ta l l i zed  group a l s o  recovered b e t t e r  and repea ted  damage 
bui ldup  b e t t e r  ' than i t s  nonmetal l ized counterpar t .  
t h e s e  r e s u l t s  i s  t h a t  emi t te r -base  channeling is  e f f e c t i v e l y  i n h i b i t e d  
by the  m e t a l l i z a t i o n .  This  conclusion is  a l s o  supported by t h e  va lues  
at s m a l l  doses i n  F igure  6-37. Damage buildup c h a r a c t e r i s t i c s  f o r  
ICBO are unaf fec ted  by t h e  m e t a l l i z a t i o n ,  as expected s i n c e  ICBO is a 
c o l l e c t o r  base  j u n c t i o n  proper ty .  

The conclus ion  from 

vs  IC c h a r a c t e r i s t i c s  f o r  t he  Spreads 'of  h - 1 
~ F E  

2N2219A a t  small  and l a r g e  doses are presented i n  F igures  6-29 and 6-30. 

A f t e r  a small dose,  t h e  A - spread three decades below t h e  minimum 

(2 x 10'4A> f o r  those  t r a n s i s t o r s  w i t h  m e t a l l i z a t i o n  over  t h e  emitter- 
base  j u n c t i o n  i s  0.055 t o  0.065 and f o r  t h e  nonmetal l ized group, 0.05 
t o  0.19. 
s i s t o r s  is  0.09 t o  0.1 and 0.11 t o  0.13 f o r  t h e  nonmetal l ized devices .  
Damage spreads  f o r  t h e  me ta l l i zed  t r a n s i s t o r s  are smaller and t h e s e  
devices  accrue  less hFE degrada t ion  than t h e i r  nonmetal l ized counter- 
p a r t s ,  p a r t i c u l a r l y  a t  l o w  c u r r e n t s  where channel c u r r e n t s  dominate a t  
low doses .  
mechanism i s  known t o  have diminished. 

~ F E  

A f t e r  a l a r g e  dose,  t h e  damage spread f o r  t h e  m e t a l l i z e d  t r an -  

This  i s  a l s o  t r u e  a t  l a r g e  doses a f t e r  t h e  dominant channel 

The conclusion regarding m e t a l l i z a t i o n  over  t he  

For h igh  
eti i l i ter-base juncc ion  i s  t h a t  i t  i s  very e f f e c t i v e  i n  minimizing t h e  
magnitude and spread of damage a t  low cu r ren t s  and low doses.  
c u r r e n t s  o r  high doses,  m e t a l l i z a t i o n  has less e f f e c t .  

.- 

6.2.4.6 Experimental  TD106, F a i r c h i l d  

Twelve TD106 n-p-n devices  were made a v a i l a b l e  
by F a i r c h i l d ;  s i x  of t hese  were f a b r i c a t e d  wi th  a netal  ga t e  over  t he  
emi t t e r -base  junc t ion .  Three cyc les  of b i a s - r ad ia t ion  and recovery 
stresses were used t o  e v a l u a t e  t h e  devices  i n  r a d i a t i o n .  The second 
c y c l e  w a s  a r e p e t i t i o n  of t h e  f i r s t ,  i n  which t h r e e  of t h e  me ta l l i zed  
devices w e r e  b i a sed  wi th  a gate-base b i a s  of -6V and t h r e e  wi th  a ga te-  
base  b i a s  of -24V. Some of 
t h e  m e t a l l i z e d  devices  w e r e  destroyed because of t h e i r  extreme s e n s i t i v i t y  
t o  induced e l e c t r o s t a t i c  charge.  

I n  t h e  t h i r d  cyc le ,  no g a t e  b i a s  was used. 

i 
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Resul t s  of i r r a d i a t i o n  tests are shown i n  

n values  f o r  t h e  m e t a l l i z e d  group i n d i c a t e  t h a t  
F igure  6-12 where i t  can be observed t h a t  t h e  me ta l l i zed  group s u s t a i n e d  
less hFE degradat ion.  
emit ter-base channel ing was prevented b u t  t h a t  g a t e  b i a s i n g  played no 
d i s c e r n i b l e  r o l e  during i r r a d i a t i o n .  
u re  6-12. 
because n o t  enough b i a s  could b e  appl ied  t o  t h e  g a t e  t o  mask t h e  damage. 
n va lues  a l s o  i n d i c a t e  t h a t  f o r  those t r a n s i s t o r s  without  m e t a l l i z a t i o n  

t h e  channel component increased  r a t h e r  than  decreased a f t e r  a dose of 
4 > l O 7 R ,  s imilar to, the  response of p-n-p r a t h e r  than n-p-n devices .  
This  may b e  t h e  r e s u l t  of a r e l a t i v e l y  low carrier concent ra t ion  i n  t h e  
base  region602 f a c i l i t a t i n g  inve r s ion  of t he  p - m a t e r i a l  and r e s t r a i n i n g  the  
e l e c t r o n  emission mechanism, 

This  a l s o  can be observed i n  Fig- 
Gate-base b i a s  during measurement was r e l a t i v e l y  i n e f f e c t i v e  

Spreads of A - v s  IC c h a r a c t e r i s t i c s  f o r  t h e  
~ F E  

TD106 are shown i n  Figures  6-31 and 6-32 f o r  small and l a r g e  doses.  

The spread  of A - 
emit ter-base j u n c t i o n  v a r i e s  from 0.022 t o  0.04 a t  lO-5A ( t h r e e  decades 
below t h e  minimum) a f t e r  a s m a l l  dose. A f t e r  a l a r g e  dose,  t h e  spread  
f o r  t hese  devices  i s  0.14 t o  0.16 a t  lO-5A. For t h e  nonmetal l ized 
t r a n s i s t o r s ,  t h e  low dose spread  a t  10-5A extends from 0.07 t o  0.92 and 
a f t e r  a l a r g e  dose t h e  spread  becomes 0.18 t o  1 .5 .  The me ta l l i zed  t r an -  
s i s t o r s  group t i g h t e r  and do n o t  degrade as much as t h e  nonmetal l ized 
t r a n s i s t o r s  a t  low cu r ren t s .  These d a t a  aga in  s u b s t a n t i a t e  t h e  e f f e c -  
t i v e n e s s  of emit ter-base m e t a l l i z a t i o n  f o r  minimizing t h e  magnitude and 
spread  of  ga in  degradat ion at l o w  c u r r e n t s .  

f o r  those t r a n s i s t o r s  wi th  m e t a l l i z a t i o n  over  t h e  1 
~ F E  

6.2.5 MOSFET 

Phase I1 i n v e s t i g a t i o n s  included a tes t  of 12  p-channel, 
enhancement mode metal-oxide-semiconductor f i e l d  e f f e c t  t r a n s i s t o r s  
(MOSFET), the  General Micro-electronics  Incorpora ted  (Phi lco  Corporat ion)  
2N3609. S p ~ r f a l  f n s t n i m e n t a t f n n  r n n ~ f ~ t i n g  o f  R logarithmic ampliffpr 
and analog p l o t t e r  t o  au tomat ica l ly  p l o t  many decades of d a t a  w a s  used 
t o  r eco rd  t h e  drain-source cu r ren t  IDS as a func t ion  of g a t e  v o l t a g e  
Vc t o  determine t h e  e f f e c t s  of b i a s  and i o n i z i n g  r a d i a t i o n  on these  
devices .  The devices  t e s t e d  had two t r a n s i s t o r s  b u i l t  on a s i n g l e  mono- 
l i t h i c  ch ip  s i n c e  these  devices  a r e  in tended  f o r  u s e  i n  d i f f e r e n t i a l  
a m p l i f i e r  a p p l i c a t i o n s .  For t h i s  i n v e s t i g a t i o n ,  one t r a n s i s t o r  on each 
ch ip  was b i a sed .on  wi th  a ga t e  vol tage  of -5V, whi le  t h e  o t h e r  was 
b i a s e d  o f f  w i t h  +5V t o  demonstrate t h e  e f f e c t s  of b i a s  dur ing  r a d i a t i o n .  
S ince  t h e  devices  are i n i t i a l l y  we l l  matched, t h i s  b i a s  dur ing  i r r a d i a -  
t i o n  was chosen as a worst  case condi t ion  f o r  producing mismatch. 

F igure  6-40 shows t y p i c a l  IDS vs VG c h a r a c t e r i s t i c s  a t  
v a r i o u s  doses f o r  both on and o f f  b i a sed  t r a n s i s t o r s  of a chip.  The 
numbered curves r ep resen t  those  t r a n s i s t o r s .  which were b i a s e d  on dur ing  
r a d i a t i o n ;  t h e  l e t t e r e d  curves represent  those  b i a sed  o f f  dur ing  r a d i a t i o n .  



The minus g a t e  vo l t age  on t h e  g a t e  causes  enhancement of 
a p-channel i n  t h e  semiconductor beneath t h e  g a t e ,  which t u r n s  t h e  
t r a n s i s t o r  on. Ion iz ing  r a d i a t i o n  causes a p o s i t i v e  charge bui ldup  t o  
occur  i n  t h e  s i l i c o n  d ioxide ,  and hence t h e  nega t ive  vo l t age  VG r equ i r ed  
t o  t u r n  on t h e - t r a n s i s t o r  i nc reases  wi th  dose;  b u t  t h e  nega t ive  b i a s  on 
t h e  g a t e  dur ing  i r r a d i a t i o n  has  an a t t e n u a t i n g  e f f e c t  on t h i s  p o s i t i v e  
charge bui ldup.  The numbered sequence of c h a r a c t e r i s t i c s  i n  F igure  6-40 
shows t h e  change of t ransconductance c h a r a c t e r i s t i c  of t h e  n e g a t i v e l y  
b i a sed  2N3609 t r a n s i s t o r s  as a func t ion  of dose.  Changes i n  t ranscon-  
ductance are small w i th  r a d i a t i o n ,  b u t  t h e  ope ra t ing  c u r r e n t  range i s  
reduced due t o  increased  leakage cur ren t .  

The t y p i c a l  b i a s  dependent d r a i n  source  leakage cu r ren t  
IDSX t h a t  e x i s t s  when t h e  t r a n s i s t o r  i s  s h u t  o f f  i nc reases  from about 
0.lnA (curve 1) t o  about 20pA (curve  4 )  as a func t ion  of dose f o r  
$I 5 x 105R and then decreases  f o r  i nc reases  i n  $ similar t o  channel  
bu i ldup  and r eces s ion  i n  Si02 pass iva ted  n-p-n t r a n s i s t o r s .  
i n t e r e s t i n g  t o  observe t h a t  IDSX as a func t ion  of $ i s  independent of 
VG (shown by ver t ical  p o r t i o n  of curves) u n t i l  $ > 5 x 105R, a t  which 
t i m e  i t  has  vo l t age  dependency t h a t  changes wi th  9 .  
i n g  f u n c t i o n  of i nc reas ing  nega t ive  VG p r i o r  t o  the  turn-on th re sho ld  
v o l t a g e  of VGm. 

, 

It i s  

IDSX is  an inc reas -  

I n  a d d i t i o n  t o  the  inc rease  i n  leakage c u r r e n t ,  t h e  t u r n  
on v o l t a g e  i n c r e a s e s  about a f a c t o r  of 2 as shown by t h e  curves.  Posi-  
t i ve  g a t e  v o l t a g e  b i a s e s  t h e  t r a n s i s t o r  s o  t h a t  t h e  p-type s i l i c o n  
beneath the  g a t e  i s  dep le t ed  of p o s i t i v e  charge c a r r i e r s  and t h e  t ran-  
s i s t o r  i s  b i a s e d  o f f .  Ion iz ing  r a d i a t i o n  aga in  causes t h e  s i l i c o n  
d iox ide  a t  t h e  s i l i con -ox ide  i n t e r f a c e  t o  become p o s i t i v e l y  charged, 
and t h i s  e f f e c t  is f u r t h e r  enhanced by t h e  b i a s .  Hence a l a r g e r  nega- 
t i ve  b i a s  i s  r equ i r ed  t o  t u r n  on t h e  t r a n s i s t o r  t h a t  w a s  b i a sed  o f f  
dur ing  i r r a d i a t i o n  than t h e  one b i a sed  toward enhancement (on) dur ing  
i r r a d i a t i o n .  Figure.  6-40 shows from the  l e t t e r e d  sequence of  charac- 
ter is t ics ,  t h a t  t y p i c a l l y  the  t r a n s i s t o r s  w i l l  n o t  t u r n  on even f o r  t h e  
m a x i m u m  al lowable g a t e  v o l t a g e  f o r  2.5 x i 0 4 R  2 Q, 2 6 x 10%. 
5 x lO5R < 4 < 107R, those  t r a n s i s t o r s  t h a t  would n o t  t u r n  on a t  lower 
r a d i a t i o n  doses begin  t o  recover .  A t  $I A 10 R,  t h e  t ransconductance 
p o r t i o n  of t h e  c h a r a c t e r i s t i c s  a r e  similar t o  those  f o r  t h e  t r a n s i s t o r s  
b i a s e d  on dur ing  i r r a d i a t i o n ,  b u t  t he  t u r n  on vo l t age  i s  much g r e a t e r .  

IDST, which was independent of VG p r i o r  t o  i r r a d i a t i o n ,  
becoines a decreas ing  func t ion  of nega t ive ly  inc reas ing  VG as e a r l y  as 
104R f o r  MOSFETs b ia sed  p o s i t i v e l y  during i r r a d i a t i o n .  

I 

For 

7 

-- 

The h igh  temperature  recovery stress (320OC f o r  a pe r iod  
of f i ve  hours)  d id  no t  f u l l y  r e t u r n  the devices  t o  t h e i r  i n i t i a l  condi- 
tions. The t ransconductances of both t r a n s i s t o r s  on each ch ip  were 

recovery ,  t h e  d i f f e r e n c e  i n  VG over  most of t h e  t ransconductance curves 
is abou t  1.5V. 
The effects of  r e i r r a d i a t i o n  are similar t o  f i r s t  cyc le  damage responses .  

- - i n i t i a l l y  very  w e l l  matched, as can be seen  from Figure 6-40. A f t e r  

I n  some cases ,  IDSX did n o t  recover  t o  i n i t i a l  condi t ions .  

g:; 



A s i n g l e  n-channel MOSFET, Motorola MM2102, was a l s o  
i r r a d i a t e d  t o  s tudy  t h e  behavior  of channel r eces s ion  a t  l a r g e  doses.  
I f  channel  r e c e s s i o n  r e s u l t s  from t h e  t r a n s f e r  of e l e c t r o n s  i n t o  t h e  
oxide,  t h e  n-channel MOSFET wi th  a p o s i t i v e  g a t e  b i a s  should behave i n  
r a d i a t i o n  s imilar  t o  t h e  p-type base  reg ion  of an n-p-n t r a n s i s t o r  w i th  
a reverse-b iased  c o l l e c t o r  base  j u n c t i o n  dur ing  i r r a d i a t i o n .  Behavior 
w a s  as p r e d i c t e d ,  w i t h  a channel  forming r a p i d l y  a t  low doses ,  followed 
by a g radua l  r eces s ion  of t h e  channel a t  l a r g e  doses.  

t h e  d r a i n  and source  l eads  a t  ground and +6V p o t e n t i a l  on the  ga t e  l ead .  
The d r a i n  t o  sou rce  r e s i s t a n c e  R w i th  VGs = OV w a s  measured a t  i n t e r -  
vals dur ing  i r r a d i a t i o n .  
megohm, i n d i c a t i n g  t h a t  no s u b s t r a t e  channel w a s  p re sen t .  
( t h e  f i r s t  measurement) a channel had formed, reducing RD 

u re  6-41 shows how channel  conductance l / R ~ s ~  v a r i e d  wi th  X-ray exposure.  
Maximum channel conductance is  reached a t  about lO5R followed by a 
g radua l  decrease.  
i s  down t o  20 pe rcen t  of i t s  peak va lue  and appears  t o  be  s t i l l  decreas-  
ing .  
F igu re  4-9 of Sec t ion  4-4 f o r  a b i p o l a r  n-p-n t r a n s i s t o r .  
have similar e a r l y  shapes and peak a t  approximately the  same dose. 

t h a t  t h e  s e n s i t i v i t y  of MOS devices  t o  r a d i a t i o n  damage is a func t ion  of 
t h e  magnitude and p o l a r i t y  of the  g a t e  b i a s  dur ing  i r r a d i a t i o n .  Because 
of an apparent  bu i ldup  of p o s i t i v e  charge i n  t h e  Si02,  i t  has  been 
determined from t h e s e  and o t h e r  experiments6.4,  6 * 5  t h a t  f o r  low amounts 
of r a d i a t i o n  and no p o s i t i v e  b i a s ,  c a r e f u l l y  s e l e c t e d  enhancement devices  
can b e  used i n  i o n i z i n g  r a d i a t i o n .  Transconductance changes are rela- 
t i v e l y  s m a l l  b u t  leakage cu r ren t  changes are l a r g e  and turn-on vo l t age  
increases. 
slmsst use1ess even hy s m a l l  r a d i a t i o n  doses.  The p-channel, enhancement 
mode MOSFET i s  appa ren t ly  t h e  more t o l e r a n t  of t h e  MOS 

The MM2102 w a s  i r r a d i a t e d  a t  a ra te  of 5 x 105R/hr wi th  

DS s Before i r r a d i a t i o n ,  RDs was g r e a t e r  than 1 
By 8 x 103R 

t o  26 ohms. 
A g a t e  b i a s  of +20V dur ing  measurement inc reased  RDs t o  3 2 ohms. Fig- 

By 3 x lO7R ( t h e  l a s t  measurement) t h e  conductance ' 

It i s  i n t e r e s t i n g  t o  compare t h e  shape of t h i s  curve wi th  t h a t  of 
Both f i g u r e s  

The r e s u l t s  of t hese  and o t h e r  experiments6* i n d i c a t e  

Devices b ia sed  p o s i t i v e l y  during i r r a d i a t i o n  are rendered 

6.2.6 J u n c t i o n  FET 

A set of 12 S i l i c o n i x  2N3387 p-channel j u n c t i o n  f i e l d  
e f f e c t  t r a n s i s t o r s  (JFET) were eva lua ted .  These devices  are encapsula ted  
i n  r ibbon l e a d  ceramic d i s c  "FlatPacs." 
mode devices ,  i . e . ,  they normally conduct u n t i l  b iased  p o s i t i v e l y  enough 
t o  cause t h e  j u n c t i o n  dep le t ion  r eg ions  t o  spread  i n t o  t h e  channel reg ion ,  
thereby  t u r n i n g  t h e  t r a n s i s t o r  o f f .  

VGs = + 1 O V  and t h e  d r a i n  and source t e rmina l s  sho r t ed  t o  ground. The 
b i a s  w a s  more than  s u f f i c i e n t  t o  cause t h e  t r a n s i s t o r s  t o  be  o f f .  The 
dose rate used w a s  5 x 105R/11r. 
IDS vs VG c h a r a c t e r i s t i c s  a s  a func t ion  of dose. 
of c h a r a c t e r i s t i c s  p e r t a i n s  t o  t h e  f i r s t  cyc le ;  t h e  l e t t e r e d  sequence, t o  

The t r a n s i s t o r s  are dep le t ion  

During i r r a d i a t i o n ,  t h e  t r a n s i s t o r s  were b ia sed  wi th  

F igure  6-42 shows two cyc le s  of t y p i c a l  
The numbered sequence 

i / t h e  second cyc le .  



1 .  almos 
The c h a r a c t e r i s t i c s  i n d i c a t e  t h a t  

unaf fec ted  by i o n i z i n g  r a d i a t i o n  t o  4 = 
t h e  t ransconductance i s  
07R. P r i o r  t o  r a d i a t i o n ,  

IDS is  i n  t h e  nanoampere range, wi th  VGKH nea r  6V. Typica l ly ,  Its" 
i n c r e a s e s  t o  nea r  1 W 8 A  a t  4 -L 1.5 x 10 R and then decreases  w i t  
i nc reased  dose.  The e f f e c t s  appear  to  b e  similar t o  ICBO changes seen  
f o r  b i p o l a r  n-p-n devices  where channels are observed t o  i n c r e a s e  wi th  
dose u n t i l  a d ischarg ing  mechanism occurs  t o  cause t h e  channel t o  recede.  

Recovery w a s  observed t o  b e  e x c e l l e n t  using the  320'C 
temperature  stress f o r  a per iod  of f i v e  hours .  When t h e  t ransconductance 
curves of t h e  second cyc le  were super  imposed upon those  of t h e  f i r s t ,  
they i n d i c a t e d  e x c e l l e n t  r e p e a t a b i l i t y .  
l a r g e  on t h e  second cyc le  as t h e  f i r s t ,  i n d i c a t i n g  t h a t  s u r f a c e  p r o p e r t i e s  
were somewhat improved as a r e s u l t  of t h e  screening  tes t .  

FETs are v i r t u a l l y  unaf fec ted  by i o n i z i n g  r a d i a t i o n  t o  levels of 107R. 

Leakage c u r r e n t s  were n o t  as 

Resul t s  of t h e  experiments on FETs showed t h a t  j u n c t i o n  

6 . 3  MODEL REFINEMENTS FROM PHASE I1 EXPERIMENTAL RESULTS 

A modif ica t ion  of the  model is  proposed f o r  p-n-p t r a n s i s t o r s  
wi th  reverse b ia sed  co l l ec to r -base  j u n c t i o n s  during i r r a d i a t i o n .  
aforementioned s t u d i e s  of t h e  e f f e c t s  of i o n i z i n g  r a d i a t i o n  on MOS 
devices  have a l s o  shown t h a t  e i t h e r  a p o s i t i v e  o r  nega t ive  g a t e  b i a s  
dur ing  r a d i a t i o n  produces a p o s i t i v e  charge bui ldup i n  the  oxide l a y e r .  
Grove and exp la in  t h e  behavior  produced by a p o s i t i v e  g a t e  b i a s  
as a d r i f t  o f  e l e c t r o n s  from generated e lec t ron-hole  p a i r s  away from 
t h e  Si02 - S i  i n t e r f a c e ,  l eav ing  t rapped h o l e s  behind. 
b i a s  causes  the  e l e c t r o n s  t o  d r i f t  t o  t h e  Si02 -Si  i n t e r f a c e  and c r o s s  
t h i s  i n t e r f a c e  i n t o  t h e  s i l i c o n ,  l eav ing  t h e  t rapped ho le s  behing i n  
the  oxide  l a y e r .  
b i a sed  co l l ec to r -base  j u n c t i o n  should produce charge bui ldup e f f e c t s  
at t h e  emi t te r -base  j u n c t i o n  similar t o  those  f o r  an MOS device wi th  a 
nega t ive  ga t e .  

oxide.  
than t h e  oxide  s u r f a c e  charge,  t he  r e s u l t  i s  enhancement of t he  n-type 
base  r eg ion  and the  dep le t ion  o r  i nve r s ion  o f  t h e  p-type emitter reg ion .  
This  causes  a channel t o  grow by extending the  j u n c t i o n  i n t o  the  emitter 
reg ion  i n s t e a d  of  t he  base  reg ion  as f o r  n-p-n t r a n s i s t o r s .  The f a c t  
t h a t  t h e  channel  d id  n o t  recede a t  large doses wi th  t h i s  model i s  n o t  
s u r p r i s i n g  s i n c e  p o s i t i v e  charge bui ldup i s  n e a r  t he  oxide s u r f a c e  
r a t h e r  than  a t  t h e  S i 0 2  -Si i n t e r f a c e .  
h o l e  p a i r s  i n  t h e  oxide were r a p i d l y  swept t o  the  Si02 -Si i n t e r f a c e  by 
t h e  ox ide  f i e l d  and ac ross  t h e  i n t e r f a c e  by emissions.  

The 

The nega t ive  g a t e  

I r r a d i a t i o n  of a p-n-p t r a n s i s t o r  w i th  a reverse-  

Thus t h e  oxide s u r f a c e  i s  nega t ive ly  charged by t h e  
i ~ c i z e d  s&io,ct 0 - c  m 9 , r i c i n o  3- q . l t i m + t o  nnr i t i . ra  m h 9 r - a  h * x 4 7 , 4 - - -  i- +-I.- 6Y")  C...AY1..6 ..I. U . L L L . L L U L b  y". lr . -rrL C..U-c6C Yur-uuy &.A C L I L  

Since  t h e  p o s i t i v e  charge is  p h y s i c a l l y  c l o s e r  t o  t h e  s i l i c o n  

E lec t rons  from the  e l ec t ron -  
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SECTION 7 
SCREENING 

7.1 BASIC TECHNIQUES 

bipolar transistor type presently available adequately eliminates or mini- 
mizes ionizing radiation surface effects. However, since most transistor 
types evaluated showed a wide spread in radiation-induced surfacz damage, 
it appears that the best means of obtaining transistors with minimal 
susceptibility to ionizing radiation is to screen devices with poor sur- 
face properties in radiation from those with good properties. This sec- 
tion discusses the development of a suitable screening technique and the 
results of an evaluation of the technique for a variety of transistors. 

with desirable surface characteristics in ionizing radiation from those 
with undesirable characteristics. The three considered to have the most 
potential were: (1) irradiation with a small dose of ionizing radiation 
without subsequent recovery, (2)  application of an equivalent nonradiation 
stress, and (3 )  irradiation with ionizing radiation and subsequent recov- 
ery. 
to a small radiation dose and the amount of degradation is measured. If 
a reverse collector-base junction bias is used in conjunction with the 
radiation, the low dose data will indicate the rate at which devices are 
affected by the ICH damage mechanism. 
the actual amount of hpE or ICBO damage nor any information concerning 
the ISRG damage mechanism. 
seek preirradiation equilibrium conditions, no attempt is ,made to return 
the transistors to these conditions; hence the device must be used in a 
degraded condition. 
desirable, and since complete recovery of irradiated transistors was 
demonstrated in Phase I experiments, the technique of irradiating devices 
without recovery was not further considered. 
manent degradation caused by ionizing radiation was attempted by means 
of bias and high temperature stresses. Section 4 . 6  discusses attempts 
to correlate the damage induced by both stresses. 
did not provide suitable correlation, it was unacceptable for screening. 

The results of the device evaluation program showed that no single 

There are a number of possible techniques for screening transistors 

T h e  first technique is one in which the transistors are subjected 

This technique does not reveal 

Furthermore, although transistors tend to 

A nondamaging screening technique is much more 

Simulation of the nonper- 

Because this technique 

The radiation-recovery screening technique is feasible because it 
is possible to recover transistors to their initial conditions and because 
reverse-biased collector-base junctions very effectively induce distinctive 

was used throughout Phase I1 of the program, permits irradiation of Si02 
passivated planar transistors to doses equivalent to those the transistors 
will encounter in their specified environments. 
radiation have been observed, the transistors can be recovered to pre- 
irra$iation conditions. 

. ICH and ISRG damage currents (See Section 4 . 2 ) .  This technique, which 

After the effects of the 



The sc reen ing  test  performed on 2N1613 devices  cons i s t ed  of i r r a d -  

Only t h r e e  d a t a  p o i n t s  w e r e  needed i n  t h e  screening  - p r e - t e s t ,  
a t i n g  t r a n s i s t o r s  w i t h  t h e i r  co l l ec to r -base  j u n c t i o n s  reverse-biased a t  
12V. 
a f t e r  a s m a l l  exposure,  and a f t e r  a l a r g e  exposure -because  t h e  r e s u l t s  

t h e  channel damage mechanism becomes dominant a t  small doses and t h a t  
the  1 s ~ ~  mechanism i s  dominant a f t e r  l a r g e  doses.  
about l o 7  r a d s ,  t h e  t r a n s i s t o r s  were recovered t o  p r e i r r a d i a t i o n  cond i t ions  
by baking them f o r  f i v e  hours  a t  300 t o  320OC. 
r a d i a t i o n  stress and h igh  temperature  recovery c o n s t i t u t e d  one c y c l e  of 
t h e  screening  technique.  To e v a l u a t e  t h e  screening  technique and t h e  
s c r e e n a b i l i t y  of t h e  s u b j e c t  t r a n s i s t o r s ,  a t  least two screening  cyc le s  
were used i n  each Phase I1 test .  

* of b i a s - r ad ia t ion  stress tests discussed i n  Sec t ion  4.2 i nd ica t ed  t h a t  

A f t e r  i r r a d i a t i o n  t o  

This  combination of b ias -  

Measurements were made of l /hFE, ICBO, CCB, CEB and reverse-biased 
j u n c t i o n  V-I c h a r a c t e r i s t i c s .  The most u s e f u l  d a t a  wcre obtained from 
l/hFE and ICBO measurements. 
ments f o r  d e t e c t i o n  of channels  were only p a r t i a l l y  successfu l .  Junc t ion  
capac i tance  f o r  t h e  2N1613s inc reased  t o  a s  high as 200 percent  of o r i g i -  
na l  va lues ,  a r a d i c a l  change compared t o  a l l  o t h e r  p l ana r  t r a n s i s t o r s  
t e s t ed .  The capac i t ance  changes of most t r a n s i s t o r s  could n o t  be measured 
wi th  c e r t a i n t y  by t h e  a v a i l a b l e  impedance br idge .  

Reverse-biased j u n c t i o n  c h a r a c t e r i s t i c s  of VEBO and VCBO, though 
apparent ly  n o t  adve r se ly  a f f e c t e d  e i t h e r  by t h e  r a d i a t i o n  stress o r  by 
the  screening  tes t ,  were of no va lue  i n  device  screening .  I n  some cases  
VEBO and VCBO improved a t  low c u r r e n t s ,  e.g. ,  r e f e r  t o  F igures  7-1,7-2, 7-3, 
and7-4 which show sp reads  of VEBO and VCFO c h a r a c t e r i s t i c s  f o r  both cyc le s  
of screening.  The curves  of F igu res  7-1 through 7-8 a r e  t y p i c a l  of t h e  
r a d i a t i o n  e f f e c t s  on reverse c h a r a c t e r i s t i c s  and i n d i c a t e  t h a t  breakdown 
s p e c i f i c a t i o n s  are n o t  a f f e c t e d  by ion iz ing  r a d i a t i o n .  This  is apparent  
because t h e  c u r r e n t  v a l u e s  a t  t h e  manufacturers minimum s p e c i f i e d  break- 
down v o l t a g e s  are g e n e r a l l y  decades below the  s p e c i f i e d  cu r ren t  a t  
hreakdown. 

Attempts t o  use j u n c t i o n  capac i tance  measure- 

To observe  t h e  v a l u e  of sc reening ,  cons ider  F igure  7-9 which shows 
l/hFE degrada t ion  c h a r a c t e r i s t i c s  f o r  one good and one poor 2N1613 t r a n s i s -  
t o r .  Each curve i s  formed from d a t a  p o i n t s  taken from two screening  
cyc les .  The damage bui ldup  c h a r a c t e r i s t i c  is d iscussed  i n  Sec t ion  4.2, 
and its shape can be seen  i n  F igure  7-9 and i n  o t h e r s  i n  the  repor t ,e .g . ,  
F igure  4-2 and 4-4 ,  t o  have a f a s t  buildup a t  small  doses  and g radua l ly  
s a t u r a t e  at h ighe r  doses .  
a t  low dose where t h e  g a i n  drops below 2 ,  then s a t u r a t e s  a t  a l e v e l  below 
t h e  peak (hFE about  4 )  as dose increases .  hFE remains g r e a t e r  than  10 a t  
a l l  doses  f o r  Device 36. The d i f f e r e n c e s  between t h e  s u r f a c e  behavior  
of t h e  two dev ices  is even more s t r i k i n g  on t h e  semilog p l o t  of F igure  7-10. 

T h e  damage c h a r a c t e r i s t i c  f o r  Device 40 peaks 

S ince  t h e  shape of t h e  damage c h a r a c t e r i s t i c  of t h e  2N1613 was w e l l  
known, d a t a  were recorded a t  only  one low dose p o i n t  near  t h e  peak t o  
i n s u r e  t h a t  s u f f i c i e n t  charage w a s  induced i n  the  s u r f a c e  t o  e f f e c t  chan- 
n e l s ,  and a t  one d a t a  p o i n t  a f t e r  a l a r g e  dose (+ 107R). Th i s  technique 
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Figure 7-9 - Log log plot l/hFE versus @ for two cycles of the 

screening test, 2N1613 transistors 36 and 40 

1 08 

for evaluating screening was applied to all bipolar transistors tested 
in Phase 11. 
more complete testing with many low dose data points on a few test sub- 
jects. 
few test transistors at various doses to monitor the formation of a chan- 
nel and to determine when it reached the peak. 
characteristics are known, fewer points are needed in the actual screening 
cycle. 

Screening of an unfamiliar transistor type necessitates 

In the Phase I1 tests, capacitance measurements were made on a 

When the damage buildup 

7.2 EVALUATION OF THE SCREENING TECHNIQUE 

7.2.1 Basis for the Evaluation 

The screening technique was evaluated for its ability to 
provide three kinds of information: (1) the magnitude of the induced 
h a  and ICBO degradation for any device type, (2) the spread of induced 
damage among a number of samples of a type, and (3) the repeatibility 
of damage with dose after a device has been irradiated and the damage 
removed. The latter two were given major emphasis in the evaluation. 
Eliminating devices which show abnormal surface behavior under irradiation 
in comparison with the others in a sample, reduces the spread, thus 
facilitating prediction of the magnitude of damage, because of the greatly 
improved repeatability, in subsequent cycles of irradiation. In addition, 
the reliability of the remaining samples should be improved since the 
abnormal devices have poor quality interfaces, which generally means poor 
reliability. 

* 

This topic is discussed more fully in Section 7 . 2 . 3 .  
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Once t h e  spread  i n  damage i s  minimized by screening  t h e  
magnitude of t h e  damage f o r  a subsequent i r r a d i a t i o n  is reasonably pre- 
d i c t a b l e  and t h e  a p p l i c a t i o n  w i l l  d i c t a t e  whether t h e  device  type wi th  
i t s  p red ic t ed  changes is  accep tab le  f o r  t h e  intended c i r c u i t .  For t h i s  
reason,  t h e  f i r s t  u t i l i z a t i o n  of sc reening  is t o  reduce t h e  spread i n  
damage among devices  of a type  by e l imina t ing  those  wi th  abnormal s u r f a c e  
behavior.  
which have ga in  and leakage  c u r r e n t  changes wi th  r a d i a t i o n  t h a t  are pro- 
h i b i t i v e  a t  t h e  d e s i r e d  ope ra t ing  c u r r e n t  f o r  a p a r t i c u l a r  c i r c u i t .  

Data used i n  t h e  eva lua t ion  of t h e  screening  techniques 
are depic ted  i n  t h e  p l o t s  of F igures  6-1 through 6-32 i n  Sec t ion  6. 
u re s  6-1 t o  6-12 are p l o t s  of two cyc le s  of t h e  12  Phase I1 screening  
tests, showing g r a p h i c a l l y  two p o i n t s  of l/hFE and ICBO as a func t ion  
of dose f o r  each cyc le .  Damage w a s  removed by means of t h e  s tandard 
recovery technique p r i o r  t o  t h e  second i r r a d i a t i o n .  Because t h e  dose 
is shown l o g a r i t h m i c a l l y ,  t h e  i n i t i a l  values  of l/hFE and ICBO p r i o r  t o  
each cyc le  are g iven  i n  t a b l e s  on each graph. 

t h e  spreads  i n  A due t o  r a d i a t i o n  as a f u n c t i o n  of t h e  measurement 

c u r r e n t  f o r  a l l  b i p o l a r  t r a n s i s t o r s  t e s t e d .  
ob ta ined  a t  t h e  low dose level ( - 10%) and h igh  dose level (-10 R) 

The i n i t i a l  v a l u e  t a b l e s  on each of F igures  6-1 t o  6-12 
reveal t h a t  p l a n a r  Si02 pass iva t ed  t r a n s i s t o r s  recovered t o  nea r ly  pre- 
i r r a d i a t i o n  hFE and ICBO values .  I n  f a c t ,  many t r a n s i s t o r s  recovered 
t o  b e t t e r  than  t h e i r  o r i g i n a l  condi t ions .  
a t e d  accu ra t e ly  on t h e  b a s i s  of a s i n g l e  poin t  a t  low dose,  however, 
because t h e  h igh  rate of hm and IC-0 degrada t ion  bui ldup a t  s m a l l  doses  
makes it d i f f i c u l t  t o  ach ieve  a d a t a  p o i n t  a t  equiva len t  damage levels 
after r e i r r a d i a t i o n .  

The two-point-per-cycle screening  of s e v e r a l  t r a n s i s t o r s  
does no t  show t h e  peak v a l u e s  of hFE and/or ICBO degrada t ion  for a l l  ' 

t r a n s i s t o r s  because each t r a n s i s t o r  peaks a t  a somewhat d i f f e r e n t  dose. 
The u t i l i t y  of t h i s  method of screening  is in szparating devices with  
r e l a t i v e l y  poor s u r f a c e  i n t e r f a c e s  from those wi th  good i n t e r f a c e s .  

The second u t i l i z a t i o n  is  t o  e l imina te  types  of t r a n s i s t o r s  

Fig- 

F igures  6-13 t o  6-32 show 
1 

The p l o t s  d e p i c t  t e da ta  9 

Repea tab i l i t y  cannot be evalu- 

7.2.2 Screening f o r  Radia t ion  Tolerance 

The procedure f o r  sc reening  w a s  t o  e l imina te  those t r a n s i s -  
t o r s  whose e l ec t r i ca l  parameters  degraded more s i g n i f i c a n t l y  'than o t h e r s  
of t h e  same type  when s u b j e c t e d  t o  t h e  same ion iz ing  r a d i a t i o n  stress. 
No a t tempt  was made t o  a s s i g n  an  acceptab le  numerical  va lue  t o  e i t h e r  
t h e  amount of ICBO o r  l/hFE. 
i n  hFE and ICBO damage o r  whose s l o p e  cons tan t  n i nd ica t ed  poor i n t e r f a c e  
r eg ions  were d f s q u a l i f i e d .  Resu l t s  of screening based on e l imina t ing  
t r a n s i s t o r s  w i t h  poor i n t e r f a c e  r eg ions  from Figures  6-1 through 6-12 
( cyc le  1 d a t a )  are shown i n  Table  7.1. Devices screened o u t  and t h e  
reasons  f o r  t h e i r  e l i m i n a t i o n  are presented,  as w e l l  as d a t a  showing 
improvements i n  g a i n  and l eakage  c u r r e n t  due t o  screening .  
s c reen ing  p e r t a i n  t o  Cycle  1, and d a t a  a f t e r  sc reening  p e r t a i n  t o  Cycle 11. 

T r a n s i s t o r s  which departed from the  group 

Data p r i o r  t o  
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The improvements gained by screening  are d isp layed  i n  t h e  
1 reduc t ion  i n  t h e  spreads  of A- ver sus  IC c h a r a c t e r i s t i c s  i n  F igures  6-13 

through 6-32 .  

t o t a l  A- 

h~~ 
Screening ou t  t h e  devices  l i s t e d  i n  Table  7-1 reduced t h e  

1 
spreads  t o  t h e  broken-line curves t h a t  appear  wi th  t h e  spreads  1 

in many h~~ of t h e  f i g u r e s .  The upper and lower A- 1 va lues  a f t e r  sc reening  
h~~ 

are l i s t e d  i n  Table  7-2 f o r  t h e  same two c u r r e n t  l e v e l s  used t o  show t h e  
s p r e a d s  of nonscreened t r a n s i s t o r s  i n  Table 6 - 2 .  

s p r e a d s  of A- due t o  screening  are r e a d i l y  seen  by comparing t h e  upper 

and lower va lues  f o r  each device  type  i n  Tables  6-2 and 7-2. 

nal (peak hFE) ope ra t ing  c u r r e n t - - t h e  improvements due t o  screening  are 
q u i t e  pronounced, p a r t i c u l a r l y  a t  low doses. Overall r e l i a b i l i t y  a t  low 
doses  is  a l s o  expected t o  be improved by t h i s  sc reening .  A t  h ighe r  doses 
o r  h i g h e r  c u r r e n t s ,  t h e  spread i n  damage is  no t  as g r e a t ,  t h e r e f o r e  
sc reen ing  serves only t o  confirm t h i s  f a c t  and i n d i c a t e  t h e  magnitude of 
damage t h a t  can be expected. 

The improvements i n  t h e  
1 

hFE 

A t  low cu r ren t s - - two ,  t h ree  o r  more decades below t h e  nomi- 

.4 

I 

c 

7.2.3 Screeninn f o r  R e l i a b i l i t y  

Ion iz ing  r a d i a t i o n  screening  i s  not  on ly  b e n e f i c i a l  f o r  
i n v e s t i g a t i n g  the  r a d i a t i o n  to l e rance  of t r a n s i s t o r s  bu t  is a l s o  an  excel-  
l en t  means of determining t h e  q u a l i t y  of t h e  s u r f a c e  Si-Si0 i n t e r f a c e  

r e l i a b i l i t y  of t r a n s i s t o r s .  I f  t h e  su r face  i n t e r f a c e  q u a l i t y  i s  poor,  
n o n r a d i a t i o n  environments can s u b j e c t  t r a n s i s t o r s  t o  stresses which w i l l  
c ause  charge  bui ldup i n  t h e  oxide and e l e c t r i c a l  parameter degrada t ion  
similar t o  ion iz ing  r a d i a t i o n .  
i n d i c a t e  t h a t  t h e  i n t e r f a c e  reg ion  of Device 8 is much poorer  than 
Device 15  by t h e  pronounced dominance of t h e  channel mechanism and h ighe r  
l eakage  c u r r e n t  levels-about  two o r d e r s  of magnitude. 

n o n r a d i a t i o n  as w e l l  as r a d i a t i o n  environments 
r e l i a b i l i t y  s i g n i f i c a n t l y ,  a l though t h i s  a s s e r t i o n  has  no t  been proved 
e x p l i c i t l y  i n  t h i s  program s i n c e  i t  w a s  not  inc luded  i n  t h e  scope of work. 

r e g i o n  which many i n v e s t i g a t o r s  b e l i e v e  t o  have a major i n f  z uence on t h e  

A s  an i l l u s t r a t i o n ,  F igu res  4-5 and 4-6 

El imina t ion  of 

should enhance system 
de~ices w i t h  ciiciracterfsLics s iui i iar to t l i ~ s e  or' "uevice 8 f r u m  use i r i  

7.3 APPLICATIONS OF SCREENING 

Screening can be'performed e i t h e r  by t h e  u s e r  of semiconductor corn- 
ponents  o r  by the  manufacturer of semiconductor devices .  
t o  l o t  acceptance  tests by sa t i s t ica l  sampling and/or as a means f o r  
de t e rmin ing the  b e s t  of a number of devices  t o  use  f o r  r a d i a t i o n  environ- 
ments. The manufacturer could screen  a much l a r g e r  number of u n i t s  than 
the u s e r ,  probably be fo re  t r a n s i s t o r s  are encapsu1,ated. 
t y p e  of equipnent  and t h e  procedures may d i f f e r  somewhat between t h e  
manufac tu re r  and t h e  user .  

It is  app l i ed  

Therefore  t h e  
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1 Table 7-2 - Spreads of A- a f t e r  sc reening  

- _  - -  %E 

Transistor 
- 

2N1613 

2N2222 
(Mot a)  

212222 
(FSD) 

2N2905 

2191132 

2N722 
(TI 1 

2N722 
(Mota) 

213058 

2N3964 

2N2219h 
(Eleta 11 i zed) 

2N2219A 
(Nonmetallixrd) 

TD I Oh 
(No rime t a 1 1 I zc-d ) 

Spread of A 1 a f t e r  scrceninR 
I1 FI.; 

Current I -  (data x 
used for  

Evil I u a t ion Large I)OSC Small Dose 

(A) min max mi n max 
( I )  In-/' 26 75 90 180 

3 5 12 1H (l) 

21 58 4 2  160 ( I )  

I 
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The basic procedure for screening is to irradiate the reverse-biased 
transistors with a suitable ionizing radiation source to a moderately low 
radiation dose. The optimum level of radiation for screening varies with 
the device type and should be determined by appropriate experiments prior 
to establishing the screening cycle. 
to the approximate level at which the damage peaks in most devices. 
transistors should be screened near the levels they are expected to receive 
in.the final application. 
program indicate that the optimum dose for screening is between lo4 and 
lOSR.1 Measurements are made to ascertain leakage current changes and 
gain changes at moderately low current levels. After eliminating those 
devices for which the sample irradiated shows changes in excess of the 
norm, the remaining devices are returned to their original condition 
(or better) by a 3- to 5-hour bake at 320OC. 

n-p-n transistors should be irradiated 
p-n-p 

(Results of the experiments performed in this 

As an example of the capability of typical laboratory equipment for 
performing this task, the Siefert X-ray facility used in this program will 
accommodate 40 transistors at a radius of one inch from the source. An 
irradiation period of about 20 minutes will provide the required dose at 
a rate of 100R/s at this radius. 
by increasing the radius, but the resultant lower dose rates require 
larger exposure timgwhich rapidly become prohibitive. 
product of exposure time and sample size is not better than 1000 unit- 
days. 

Larger sample sizes' can be accomodated 

As a result, the 
0 

The approximate cost for a screening facility of this type is 
9 $15,000. 

Because the manufacturer could screen transistors prior to encapsu- 
lation, he could use an electron source of ionizing radiation capable of 
a much higher dose rate. 
areas of 100 in2, thus 100,000 o r  more devices (360 slices of 300 devices/ 
slice) could be irradiated to 10% in 10 seconds. 
devices that fail to meet ionizing radiation tolerance specifications 
can be eliminated by the manufacturer prior to packaging. 
test requires that each device be probed to measure acceptable parameters, 
buL industry commoniy uses t'nis practice in testing for other parameter 
specifications. The estimated cost of such a facility is on the order 
of $50,000, but the ultimate cost to the user per transistor would be 
small because of the large numbers.tested and short irradiation times 
required. Furthermore, such a facility could be easily incorporated into 
a manufacturer's processing and fabrication facility. 

Dose rates of lO4R/s are easily achieved for 

. With this technique, 

The screening 
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SECTION 8 

CONCLUSIONS AND RECOMMENDATIONS 

t 

8.1 CONCLUSIONS 

Ionizing radiation produces three mechanisms of damage in silicon 
planar transistors attributable to the alteration of surface properties. 
These damage mechanisms cause degradation of hFE and ICBO as demonstrated 
by experiments with X-rays with energies below that necessary to produce 
bulk effects, but sufficient to induce surface charge. The induced charge 
can migrate in the Si02 under the influence of electrical bias fields and 
cause the growth of channels which have varying effects on the electrical 
parameters, depending on the quality of the Si-Si02 interface and the 
operating current. The variables that influence ionizing radiation sur- 
face damage include, in addition to the radiation dose, the electrical 
bias applied to the emitter-base and collector-base junctions during 
irradiation, the measurement current (or current at which the damage is 
evaluated), the ambient environment surrounding the transistor chip, the 
purity of the Si-Si02 interface, the transistor material (n-p-n or  p-n-p), 
and any special surface treatments (field plate, guard ring, etc.). 

L 

Two of the three mechanisms of damage are effective at low operating 
currents, where they produce additional base current components. One is 
a channel current ICH, and the other is an increase in space charge 
recombination-generation current 1 s ~ ~ ;  both reduce low current hFE and 
increase ICBO. The third mechanism increases base region surface recom- 
binations, thereby degrading hFE at high current levels where emitter 
crowding forces a greater fraction of the emitter current to the surface 
region. 

fiefitfa? s l z p  r'ccstlants n, wheren for ISRG is between 1.5 and 2 ,  and 
for I a  is greater than 2. This identification mecnoci does n e t  qcz~lt i -  
tatively identify the two components but instead indicates which of the 
two currents is dominant. 
used for monitoring the formation and decay of channels in some devices. 

Surface damage for n-p-n transistors is characterized by a rapid 
rise in l/hFE or ICBO at low radiation doses due t o  the formation of a 
channel. At higher doses the channel recedes due to photoemission,of 
electrons, and the damage levels off to a saturation value. For p-n-p 
transistors, damage.buildup with dose is more gradual, but the channel 
does not recede and the damage continues to increase with dose. 
general, the damage induced at low doses (<  lo4 rads) tends to be smaller 
in p-n-p transistors than n-p-n transistors and vice versa at higher 
doses (> l o5  rads). However, this comparison cannot be made categorically 
since there are wide variations within each group of devices. 

Degradation of ~ F E  induced by ISRG and ICH is identffiable by expo- 

Junction capacitance measurements also are 

In 
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The amount and ra te  of bui ldup of hFE and ICBO degrada t ion  produced 
by ion iz ing  r a d i a t i o n  dose are dependent on e lectr ical  b i a s  dur ing  irra- 
d i a t i o n .  
severe  f o r  reverse-b iased  j u n c t i o n s  where the  channel component of cu r ren t  
dominates t h e  behavior .  Zero-biased and p a r t i c u l a r l y  forward-biased 
junc t ions  have a lower r a t e  of damage bui ldup wi th  dose and a lower damage 

Both t h e  magnitude and r a t e  of degrada t ion  wi th  dose are most 

--level a t  s a t u r a t i o n  s i n c e  ISRG dominates r a t h e r  than  ICH. - .  --. 

The e f f e c t  of t h e  gas  ambient (u sua l ly  n i t rogen)  surrounding the  
t r a n s i s t o r  c h i p  i s  t o  promote channel  formation and t h e  ICH component of 
cu r ren t  when t r a n s i s t o r s  are reverse-biased dur ing  i r r a d i a t i o n .  Devices 
evacuated and reverse-biased dur ing  r a d i a t i o n  had cons iderably  less dam- 
age a t  low doses  (< lo5 rads )  than  those  wi th  a n i t r o g e n  ambient; b u t  a t  
high doses (> lo5 r a d s )  t h e r e  were no d i f f e r e n c e s  between evacuated and 
nonevacuated devices .  S i m i l a r l y ,  no s i g n i f i c a n t  d i f f e r e n c e  w a s  observed 
between normal n i t r o g e n  ambient and a vacuum f o r  devices  with pass ive  o r  
forward b i a s e s  du r ing  i r r a d i a t i o n .  Vacuum t h e r e f o r e  i s  e f f e c t i v e  i n  
reducing damage a t  low t o  moderate doses i n  reverse-biased ( c u t o f f )  
t r a n s i s t o r s .  

The model proposed t o  e x p l a i n  t h e  behavior of b i p o l a r  p l ana r  t ran-  
s i s t o r s  i n  i o n i z i n g  r a d i a t i o n  i s  c o n s i s t e n t  no t  only wi th  the  r e s u l t s  of 
t h i s  experimental  program b u t  a l s o  wi th  t h e  r e s u l t s  of o t h e r s  s tudying  
t h e  e f f e c t s  of i o n i z i n g  r a d i a t i o n  on MOS s t r u c t u r e s .  

Evalua t ion  of a v a r i e t y  of t r a n s i s t o r  types - off- the-shelf  as w e l l  
1s experimental  w i t h  s p e c i a l  s u r f a c e  t rea tments  - from a v a r i e t y  of manu- 
f a c t u r e r s ,  revea led  t h a t  f o r  b i p o l a r  t r a n s i s t o r s ,  no s i n g l e  type,  manu- 
f a c t u r e r , o r  process  o f f e r e d  immunity t o  ion iz ing  r ad ia t ion .  
cases, v a r i a t i o n s  of s u r f a c e  e f f e c t s  w i t h i n  a given type of device  were 
g r e a t e r  t han  t h e  v a r i a t i o n s  among many d i f f e r e n t  types  and manufacturers .  
The devices  w i t h  s p e c i a l  s u r f a c e  processes  gene ra l ly  showed a smaller 
spread of damage i n  any one dev ice  type and g r e a t e r  r.epeatabi1it.y than 
t h e  s t anda rd  dev ice  p o s s i b l y  due t o  a t i g h t e r  process  con t ro l  dur ing  t h e i r  
manufacture.  However, exceptioiis ts t h i s  rule as w e l l  as t h e  l imi t ed  
e f f o r t  provided i n  t h e  program prevent  cons ide ra t ion  of t he  s p e c i a l  proc- 
ess as a complete s o l u t i o n .  The process  t h a t  c o n s i s t e n t l y  r e s u l t e d  i n  
improved behavior  i n  i o n i z i n g  r a d i a t i o n  was t h e  m e t a l l i z a t i o n  over  t h e  
emi t te r -base  j u n c t i o n .  This  m e t a l l i z a t i o n  impedes emit ter-base j u n c t i o n  
channel ing and t h e r e f o r e  reduces hFE degrada t ion  a t  low-doses.  
no t  reduce t h e  damage as s i g n i f i c a n t l y  a t  h igh  doses o r  high c u r r e n t s ,  
however. 

1 

I n  most 

It does 

The annular  o r  guard r i n g  process  appears t o  provide no to l e rance  
t o  rad ia t ion- induced  damage f o r  n-p-n devices .  All p-n-p devices  t e s t e d  
had a band-guard s t r u c t u r e  thereby  prevent ing any eva lua t ion  of t h e  improve- 
ment due t o  t h a t  s t r u c t u r e .  ,-&owever, S tan ley  repor ted  l a r g e  improvements 
i n  ICBO s e n s i t i v i t y  due t o  a band guard.5.8 
esses have l i t t l e  e f f e c t  on hFE degrada t ion  bu t  do reduce +BO v a r i a t i o n s  
w i t h  r a d i a t i o n ,  and t h e  damage among devices  of a type has a smaller spread.  

T r i  R e 1  and Planar  11 proc- 

Of a l l  t h e  devices  eva lua ted  on t h i s  program, the  most r ad ia t ion -  
' t o l e r a n t  w i t h  r e s p e c t  t o  change i n  ga in  c h a r a c t e r i s t i c s  as a func t ion  of 



* il 
dose was the p-channel junction field effect transistor. The example 

the Siliconix 2N3587. used in the program tv t l '  

with radiation did 
dance, the changes so small that they would affect only circuits 
requiring extremely l , ~ , , J ~  input impedances. 
MOSFETs were the most deverely affected by ionizing radiation. Their 
use in radiation envtI~~ilments should be restricted to low doses (< 103R) 
and linear circuits. 

Although gate leakage 
(*ease, thereby causing a reduction in input impe- 

Of all the devices evaluated, 

In this prograll\ 110 PreradiatiOn measurements of device electrical 
parameters were founcl t o correlate with surface damage effects to provide 
a nonradiation technlc[tle for predicting transistor tolerance to ionizing 
radiation. 
a prediction techniqtlc' 8ince it eliminates transistors with poor surface 
properties from the ( o d t  subjects, leaving those with more predictable 
surface characterist{i'd* However, further experiments are required in 
order to establish errdctive screening Cycles. 
this program is that wtallization Over the emitter-base region was shown 
to be effective in ,-,,l\\cing ~ F E  degradation in ionizing radiation for 
two types of n-p-n dp\ ' l ces*  

The x-ray tlLgh taperature Screening Cycle shows promise as 

An additional result of 

I./ 

1 8.2 RECOMMENDATION:; 
w n  by the results of this program to have a good Two areas are g h b  

potentiality for lea,ll\\g to the minimizing of surface effects of radia- 
tion. These areas a t a  bias-radiation screening and base-emitter metal- 
lization, 
Further studies are f i \  90 recommended of radiation rate effects and tempera- 
ture effects. 

Further studie 
p i s t d r ; r ;  2nd _" rletPt~'llne _ _  the effects of screening on reliability (improve- 
merits as well as dra,,>~tcksj. 
who performs them. 
must be compatible wi -largescale, rapid production processes. An 
individual 
lation. 
radiation rate, eleci,\cdl bias, number of data points, radiation dose, 
measurement conditio,.,, wasured parameters, temperature and time f o r  
recovery, ambient CO,:.,tL~n~ (e.g., screening in vacuum may lead to/ 
improved surface stai,, \ Lty) , and limitations of screenable devices.\ 

focusing on two aspe,.;d: 

stability o r  Si-Si02 ,*.\terface have been screened out, and (2) the degta- 
dation in reliability 
high-temperature ret*\\ 2rv*  

Additional dtudies in these areas are strongly recommended. 

,\5 screening are needed to optimize the screening 

Screening procedures vzry wfth respect to 
\,y\blii performed by the manufacturer, the procedures 

can l,,~\rorm screening with a smaller, less complex instal- 
The variabltb., that need to be studied experimentally include: 

. .  
The effects of .,treening on device reliability need to be examined, 

(1) the possible improvements in the overall 
L reliability of a batc\ blf transistors after all those with poor surface 

the remaining transistors after subjection to 

4 

. .  



Base-emitter metallization effectively reduced the surface sensi- 
I tivity to radiation of two experimental devices evaluated in this program 

at low currents and small doses (e.g., reduced or eliminated base-emitter 
channeling). Additional studies and experiments are needed to determine 

than the two types tested. 

is important not only because of their effect on screening but also to 
complete the technological understanding of surface radiation effects. 

The rate experiments performed in this program resulted in a multi- 
plicity of mechanisms occurring simultaneously, thereby preventing inter- 
pretation of results. 
conditions would enable separation of the mechanisms by procedures similar 
to those used previously in this program. 
due to the wide range of ionizing radiation rates generated by space 
environments, propulsion and power reactors,and nuclear weapons. An 
accelerator as well as an X-ray machine would be used for studying rate 
effects. 

Actual radiation environments in which devices would be used encom- 
pass a wide operating temperature range (-55OC to +15OoC is not unusual). 
All test data thus far on ionizing radiation effects were taken at room 

expected operating temperature range will enable the electronics designer 
t o  design for a realist'ic environment. 

( the effectiveness and limitations of metallization for transistors other 

Understanding the two areas of rate effects and temperature effects 

Additional rate experiments with appropriate bias 

Dose rate data are important 
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* temperature. Expanding the understanding of surface effects over the 
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